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Smart soft materials, which are commonly integrated with function-oriented surface
engineering and substrate configuration, capable of reversibly changing transparency,
fluorescence, coloration, are playing critical part in the emerging optical/electronic
applications. Inspired by the vivid displaying tactics in marine life, a series of intriguing
bilayer or multi-layer devices based on a rigid thin film tightly bonded to a soft stretchable
substrate was achieved in this dissertation. These devices exhibit versatile multi-stimuli
responsive characteristics which can dynamically change their optical properties (such as
transparency, fluorescent intensity/coloration, reflective color) as exposed to specific
stimulus (such as heat, UV, moisture, electrical field and/or mechanical force). In chapter
2, we developed a deformation-controlled surface-engineering approach via straindependent micro-cracks and folds to realize a broad range of mechanochromic devices with
high sensitivity and reversibility. In chapter 3, three types of moisture-responsive wrinkled
devices are achieved through a single film–substrate system. These dynamics include: 1)
completely reversible wrinkles formation; 2) irreversible wrinkles formation I: the initially
formed wrinkles can be permanently erased and never reappear; and 3) irreversible
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wrinkles formation II: once the wrinkles form, they can no longer be erased. These unique
responsive dynamics motivate the invention of a series of optical devices triggered by
moisture, including anti-counterfeit tabs, encryption devices, water indicators, light
diffusors, and anti-glare films. In chapter 4, we develop multi-stimuli responsive chromic
units for stretchable interactive electronics through a three-dimensional integration
approach with high design flexibility and wide applicability. The resultant highly
stretchable interactive electronics are equipped with thermochromic/photochromic
characteristics, electrochromic response indicating bias direction, as well as two types of
mechanochromic effect with different levels of strain sensitivity. It’s believed that these
design strategies can inspire various designs of other highly sensitive and reversible stimuli
responsive smart materials with widespread applications, such as multi-stimuli responsive
optical sensor for wearable electronics, encryption devices, energy conservation devices
and so on.
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Chapter 1. Introduction
1.1 Smart soft materials
Smart soft materials, which are commonly integrated with function-oriented surface
engineering and substrate configuration, capable of reversibly changing transparency,
fluorescence, coloration, are playing critical part in the emerging optical/electronic
applications, such as stretchable electronics,[1, 2] flexible display device,[3, 4] clinical
therapy,[5, 6] microfluidic network[7, 8] and dynamic optics.[9, 10]
In the past decade, mechanochromic devices with intriguing characteristics to change
the transparency and/or coloration in response to mechanical stimuli have attracted high
attentions with widespread applications in smart windows,[9, 11, 12] strain sensors,[13, 14]
encryption,[12, 15] tunable wetting systems,[9] etc.[16-19] As a matter of fact, some
organisms have evolved to possess similar fascinating abilities to dynamically alter their
skin transparency,[20] fluorescence,[21] and coloration[22, 23] at a highly sophisticated
and advanced structural configuration and control strategy. For example, Cephalopods
(squid, cuttlefish, octopus, etc.) demonstrate an impressive capability of instantaneously
changing their skin colorations to actively camouflage against potential predators (Figure
1a). [23-26] The skin coloration is mediated by the motion of chromatophores that are
comprised of a pigment containing sac with radial muscles attached peripherally (Figure
1b). To tune the coloration, the muscle acts as a “gate” to adjust the exposed area of the sac
through contraction or relaxation. In the relaxed state, the chromatophores are almost
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invisible to the human eye with a size of ca. tenth of millimeter,[10, 23, 26] while the
chromatophores can be expanded into the millimeter scale with strong luminescence as the
radial muscles contract.[27] Also, the structural reflectors (e.g., iridophores, leucophores,
etc.) can reflect the light from the chromatophores through thin-film interference to create
a brighter iridescence.[28, 29] Similarly, transparency change is well exemplified in Vogtia
and Hipppopdius serving as a self-defense mechanism (Figure 1c). The tactile stimulation
can instantaneously evoke the contraction of radial muscles in the margin of nectosac,
leading to a wrinkling/crumpling morphology featuring invaginated folds and a remarkable
change in transparency. [20, 30]
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Figure 1. (a) A squid showing chromatophores on skin; [24] (b) Schematic of the coloration
mechanism adopted by squid; [5] (c) A Vogtia at transparent state (photo courtesy of Duke
University), which can be readily and reversibly converted to an opaque state (not shown).

Winkles occur in soft materials like aging skin, wetted fingertip and dry plant are
another widely demonstrated cases in our daily lives (Figure 2a). To generate the wrinkling
surface morphology, a bilayer structure with a stiff thin film firmly attached to the soft
substrate is commonly required. When the compression of the thin film exceeds a critical
value, the wrinkling surface can be realized. Therefore, a mechanical loading, solvent
swelling, temperature change and light irradiation are frequently applied to the formation
of wrinkles.[3, 18, 21, 31] Because of the periodic structure and light scattering properties
of wrinkles, they have recently been used for tunable gratings,[32] guided self-assembly of
particles and cells,[33] manipulation of proteins in nano-fluidic devices,[34] reversible and
anisotropic wetting surfaces,[9, 35] dry adhesives,[36] and as a platform for measuring thin
film mechanical properties (Figure 2b to 2d).[37]

With better control of the different

achievable structures in this type of material system, it is expected that the applications can
be further optimized or evolved into additional concepts. Particularly, because of the
elastomeric nature of the substrate, the topography of wrinkles can be instantly and
reversibly tuned from a sinusoidal wavy shape to completely flat. As a result, applications
such as smart windows can be explored simply by mechanical stretching and releasing. [38]
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Figure 2. (a) The digital photo of wet human fingertips with wrinkled morphology (photo
courtesy of Oi Ying Wong); (b) wrinkle surface used as stimuli responsive microfluidic
channel; [31] (c) digital image of wrinkling/flatten surface demonstrating the switching
between optical transparency and translucency; [31] (d) micro-lens arrays formed by
solvent responsive wrinkles. [31]

1.2 Surface engineering features for smart soft materials
1.2.1 Micro-cracks
Although cracks are typically and traditionally considered as defects for materials
which could deteriorate the mechanical strength of materials, it has been generated
intentionally through bending, [39, 40] stretching, [41] or other means [42] to achieve
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various intriguing functionalities and unique properties. The cracks formation is usually
achieved in a rigid thin film atop an elastic substrate via bending or stretching. [43] The
direction and geometry of the cracks on the thin film can controlled via choosing the thin
film thickness and elastic modulus of thin film and substrate. Cracks formed in films
through predominantly elastic bending or stretching of the substrate will tend to close due
to the interfacial adhesion once the substrate is released. However, once the substrate is
under stretching/bending again, the cracks will re-open with a crack width depending on
the strain applied. For example, to mimic spider slit organ, a stiff platinum film formed
atop polyurethane acrylate substrate was mechanically bent by applying various bending
strain, leading to the formation of micro-cracks with controllable crack density and
direction (Figure 3a).[40] As a result, an ultrasensitive crack sensor was created with the
capability of detecting small strains (0-2% strain range) and small vibrations (an amplitude
as low as ca. 10 nm) (Figure 3b).[40] The ultrahigh piezo-resistivity is attributed to the
disconnection–reconnection process of the zip-like crack junctions under a strain or
vibration.
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Figure 3 (a) The schematic of spider slit organ inspired strain sensor (b) the strain sensor
assembled in array for sensing the pressure and vibration

Mechanochromisms based on the formation of micro-cracks have been preliminarily
explored. Previously, such devices were mainly fabricated by treating the elastomer
(typically PDMS) surface via plasma [12] or ultraviolet–ozone (UVO) radiation to generate
the top rigid layer. [9] The thickness and stiffness of the rigid layer of these processes are
hard to be manipulated. Besides, such processes require the aforementioned special
equipment. Thus, it is more desirable if one can propose a method for fabricating a rigid
thin layer with higher designed flexibility (in terms of tuning the thickness, stiffness,
composition, etc.) on a soft substrate for large scale production and more versatile
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applications.

1.2.2 Wrinkling surface
Mechanical instabilities in soft materials, especially wrinkling, have led to the
formation of sinusoid-shaped surface patterns with widespread applications depending on
surface topography and dynamic tuning.[44] When a thin rigid film is coated/created atop
a pre-stretched soft substrate (e.g., PDMS), followed by releasing back to 0% strain, the
bilayer system can undergo a buckling instability due to the mismatch in the mechanical
stiffness and equilibrium states of both layers, leading to the formation of wrinkles, as
shown in Figure 4. The wavelength (λ) and amplitude (𝐴) of the wrinkle are dependent
̅̅̅𝑓 ) and the substrate
on the thickness (t) of the film, the plane-strain modulus of the film (𝐸
̅̅̅𝑠 ), and the applied strain (𝜀𝑜 ). They can be estimated through the linear bulking theory
(𝐸
using Equation (1),
̅̅̅̅
𝐸 1/3

𝑓
λ = 2πt (3𝐸̅̅̅
)
𝑠

1/2

𝜀

, 𝐴 = 𝑡 (𝜀0 − 1)
𝑐

(1)

where 𝜀𝑐 is the minimum strain need for the appearance of wrinkle, which is given as,
1

̅̅̅ 2/3
3𝐸

𝑠
εc = − 4 ( ̅̅̅̅
)
𝐸

(2)

𝑓
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Figure 4. The schematic of wrinkles formation and the definition of its geometric
parameter.

Anisotropic wrinkles generated by uniaxial stretching has been widely investigated.
[45] However, isotropic wrinkles have been much less explored mainly because of the high
challenge to achieve isotropic wrinkling on surface. Simply bi-axial stretching usually
cannot lead to a uniaxially isotropic wrinkles. [45] Thus, solvent swelling polymer thin
film – substrate system is commonly applied to generate the isotropic wrinkles (Figure 5).
During the swelling of the polymer thin film by absorbing the solvent applied to the system,
the polymer layer will expand isotopically due to the incorporation of solvent molecules
along the polymer chains, while the substrate will exert a compressive force to the thin film
to restrain this expansion. This assists to create an isotropic compressive strain field, which
is difficult to be realized through mechanical means. When this compression force exceeds
a threshold value, isotropic wrinkles are expected to form.

8

Figure 5. The isotropic wrinkles of UVO-treated PDMS as swelling in ethanol solution.
[31]

1.3 Outline of the dissertation
Inspired by these intriguing surface responsive mechanisms, we designed a series of
bilayer or multi-layer devices based on a rigid thin film (mainly made by poly (vinyl
alcohol) or poly (vinyl butyral) or other functional pigment or dye) tightly bonded to a soft
stretchable substrate (mainly made by polydimethylsiloxane (PDMS), Ecoflex®00-30, and
3M VHB tape). The key advantages of such designs are: (1) the mechanical and functional
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properties of the rigid layer can be manipulated within a large range facilitating the
formation of either micro-cracks or wrinkles; (2) the thickness/functionalities of the top
and bottom layer can be well controlled. Upon uniaxially stretching and releasing, as well
as other stimuli like moisture if needed, the devices can reversibly switch the topography
between flattening surface and rough morphology with longitudinal micro-cracks or
isotropic wrinkles, resulting in striking optical properties changes.
In chapter 2, a collection of mechanochromic devices with the capabilities to reversibly
and instantaneously change the transparency, fluorescent intensity and coloration are
fabricated. Deformation-controlled surface-engineering approaches via strain-dependent
cracks and folds are adopted to realize these function-oriented designs.
In chapter 3, three types of moisture-responsive wrinkle dynamics are fabricated
through a single film–substrate system. The original flat surface can reversibly or
irreversibly form the wrinkling surface as exposed to moisture.
In chapter 4, a multi-stimuli responsive chromic unit (response to thermal, UV,
electrical field and mechanical strain) for stretchable interactive electronics were achieved
via a three-dimensional integration approach.
In Chapter 5, a general summary of this dissertation is provided along with an outlook
of future work.
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Chapter 2. Bio-inspired Sensitive and Reversible Mechanochromisms via Straindependent Cracks and Folds

2.1 Introduction
Mechanochromic devices have remarkable capabilities to change transparency and/or
color in response to mechanical stimuli, making them attractive for a wide range of
applications in smart windows,[1-3] strain sensors,[4, 5] encryption, [2, 6] tunable wetting
systems,[3] etc.[7-10] In fact, some marine life have evolved to possess camouflage traits
by dynamically and reversibly altering their transparency, [11] fluorescence,[12] and
coloration[13-15] via muscle controlled surface structures and morphologies. For example,
Hippopodius and Vogtia can rapidly change from a transparent state to an opaque state
when being disturbed, which is considered as a self-defense response. The tactile
stimulation can instantaneously evoke the contraction of radial muscles in the margin of a
nectosac, resulting in a crumpled morphology with inward folds that effectively reduces
the transparency of the organisms.[11, 16] Cephalopods (squid, cuttlefish, octopus, etc.)
show an impressive ability to instantaneously change their skin color pattern that can be
used for camouflage and communication.[14, 17-19] This transformation is controlled by
the motion of a chromatophore, in which the sac contains pigments with radial muscles
attached peripherally. Additionally, the structural reflector (e.g., iridophores, leucophores,
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etc.) underneath the chromatophore can reflect the light from the pigment to enhance its
visibility. [20] When the radial muscle is relaxed, the chromatophore only has a small
exposure area in a scale of tenth of millimeter, [14, 19, 21] which is almost invisible to the
naked eye. However, this exposure area can be rapidly expanded into the millimeter scale
as the muscle contracts [22] and the color pattern can be instantaneously visible. In short,
the aforementioned two organisms demonstrate different optical properties by altering the
surface structures and morphologies of their muscles via mechanical means. Inspired by
this unique display strategy in nature, we pursue here use deformation-controlled surface
engineering to achieve various mechanochromisms through a series of well-designed
optical devices. The key element is to develop a hybrid bi-layer material system consisting
of a rigid thin film bonded onto a soft substrate to accomplish four different types of
mechanochromisms: (1) transparency change mechanochromism (TCM), (2) luminescent
mechanochromism (LM), (3) color alteration mechanochromism (CAM), and (4)
encryption mechanochromism (EM). All these devices can rapidly and reversibly change
their optical appearance when subjected to small mechanical stimuli (<40% uniaxial tensile
strain; all the mechanical strain discussed in this paper are uniaxial tensile strain). For
example, the TCM device can reversibly switch between transparent and opaque state. The
LM can emit intensive fluorescence as stretched with an ultrahigh strain sensitivity as

15

compared to the electrical resistance-based strain sensor. The CAM can turn fluorescent
color from green to yellow to orange as stretched within 20% strain. The EM device can
reversibly reveal and conceal any desirable patterns within 17% strain. The success of the
design lies in controlling the surface structures and morphologies of these devices during
the deformation, that is, the evolution of the cracks and invaginated folds in the top thin
film.

2.2 Experimental
Preparation of TCM: Transparent polyvinyl alcohol (PVA, Mowiol® 8-88, Mw
~67,000 from Kuraray) and laponite (BYK Additives Inc., USA, Gonzales, Texas) (mass
ratio=1:4) composite films with a thickness of ca. 1.5 µm were cast on a pre-cleaned
foundation followed by treatment with vinyltrimethoxysilane vapor for 2 h. Pure liquid
polydimethylsiloxane (PDMS) (Sylgard-184, Dow Corning, base to curing agent ratio =
10:1, thickness: ~1 mm) layer was then coated on the PVA/laponite composite film and
placed at room temperature for 12 h, followed by thermal curing at 80 °C for 2 h. The cured
bilayer sheet was carefully peeled away from the foundation towards one direction. The
peeling speed was controlled at ca. 10 mm/s at an angle of ca. 45°, and the peeling area
was ca. 25 cm2. It was then cut into rectangles (ca. 40 mm×10 mm) and mounted on a
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custom-built stretching tool. A pre-stretching of 60% uniaxial strain was applied along the
initial peeling direction. The released sample was then ready for various performance tests.
Preparation of LM: PVA (PVA, Mowiol® 8-88, Mw ~67,000 from Kuraray) and TiO2
(99.9%, CR828, Tronox) (mass ratio=1:4) composite films with a thickness of ca.5.1 µm
were spray-coated by an airbrush style spray-gun (Master Airbrush G444-SET, needle
nozzle 0.5 mm and Royal Mini Air Compressors, TC-20B, 50 mg/mL PVA/TiO2 aqueous
suspension was used) on a pre-cleaned foundation followed by treatment with
vinyltrimethoxysilane vapor for 2 h. A layer of PDMS/Rhodamine (99.9%, Alfa Aesar)
composite film (Rhodamine concentration: 4.8×10-5 mol/g, thickness: ~1 mm) and a layer
of PDMS/TiO2 composite film (mass ratio=17:1, thickness ~ 1 mm) was then formed atop
the TiO2-PVA film by repeating the aforementioned drop casting and curing procedures.
The PDMS layers all contain the same concentration of curing agent (base to curing agent
ratio = 10:1). The rest of the process was the same as TCM preparation.
Preparation of CAM: A layer of PVA/laponite (mass ratio =1:4) composite film
containing fluorescein (>90%, Alfa Aesar, fluorescein concentration: 1×10-8 mol/g) was
drop cast on a pre-cleaned foundation prior to the spray coating of another layer of
PVA/TiO2 composite film (mass ratio=1:4) (total thickness of these two layers: ~ 13.9 µm)
using the aforementioned airbrush style spray-gun followed by treatment with
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vinyltrimethoxysilane vapor for 2 h. The PDMS/Y2O3:Eu3+ (>99%, Sigma Aldrich, dye
concentration: 4.3×10-5 mol/g, thickness: ~1mm) and PDMS/TiO2 (mass ratio=17:1,
thickness: ~1mm) layers were drop cast atop the thin film by repeating the aforementioned
drop casting and curing procedures. The PDMS layers all contain the same concentration
of curing agent (base to curing agent ratio = 10:1). The rest of the sample preparation is the
same as the TCM.
Preparation of EM: A layer of PVA/TiO2 (mass ratio=1:4, thickness: ~5.1µm)
composite films were sprayed coated on a pre-cleaned foundation by aforementioned
Airbrush style spray-gun. A layer of PDMS/Rhodamine (Rhodamine concentration:
4.8×10-5 mol/g, thickness: ~1 mm) was then drop and cured atop the PVA/TiO2 film.
Subsequently, a thin layer of patterned TiO2 film was spray coated with the assistance of a
stencil mask atop the PDMS/Rhodamine layer. Finally, a layer of PDMS/carbon black
(mass ratio=100:3, thickness ~ 1 mm) was deposited on the top of the aforementioned
multilayer structure. The rest of the sample preparation is the same as the LM.
Finite element simulation of the fold–ridge formation in TCM: The FE simulation
of fold–ridge formation using the commercial software ABAQUS (version 6.14). When the
film–substrate system is subjected to the longitudinal tension, the bilayer material
undergoes compression in the transverse direction due to the Poisson’s effect, resulting in
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the formation of folds and ridges as evident in the experiment. The computational model
for the folding mechanism is similar to that for the crack evolution as shown in Figure 6.
The rigid thin film was tied onto the PDMS substrate by enforcing the displacement
continuity across the interface. The unit cell contains the material of one crack spacing in
the longitudinal tension direction and two folds in the transverse compression direction.
The film-substrate system was subjected to a state of biaxial loading that a uniform tension
was prescribed on the PDMS substrate in the X1 direction, while a uniform compression
was applied on both the film and substrate in the X3 direction, as shown in Figure 6. Since
both the film and the substrate are incompressible, the magnitude of the transverse
compressive strain (ε3) was assumed to be half of the longitudinal tensile strain (ε1).
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Figure 6. Finite element model for the fold–ridge mechanism.
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The key to capture the reversible fold–ridge formation is to introduce damage in the
thin film. During the pre-stretch stage, the development of invaginated folds and sharp
ridges caused damage spots at the edges and the valleys. As a result, the material at these
locations was treated as a damaging solid by reducing the modulus to 1% of the modulus
of the pristine thin film.
Finite element simulation of crack evolution in LM and CAM: The crack opening
response was simulated using the commercial software ABAQUS (version 6.14). The
PDMS substrate was modeled as an incompressible hyperelastic material using the ArrudaBoyce model with a ground state shear modulus of 0.32 MPa and a locking parameter (λm)
of 1.17. [2, 3] The rigid thin film, modeled as an incompressible elastic solid with a Young’s
modulus of 10 GPa, was tied onto the substrate by enforcing the displacement continuity
at the interface. Both the PDMS substrate and the thin film were meshed using 3D hybrid
linear elements, C3D8H. The distributed cracks on the thin film, which were developed
after the pre-stretch procedure, were modeled as dummy nodes at the crack interface. These
cracks were fully opened through the thin film and arrested in the PDMS substrate, as
schematically shown in Figure 7a. In the present model, 10 parallel cracks were embedded
along the loading direction, and the crack depth followed a normal distribution based on
the average value and standard deviation measured from the experiment. The crack size
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during the deformation was determined by averaging the relative displacements of the two
dummy nodes at the crack interface, d (see Figure 7a), of the 10 cracks.
The boundary conditions for the film–substrate system subjected to uniaxial tension are
shown in Figure 7b. A uniform displacement field is prescribed on the surface CDGF (U1
= δ), while the opposite surface (surface BAHE) is constrained along the x1-direction (U1
= 0). Additionally, point A is fixed (U1 = U2 = U3 = 0) to prevent rigid body motion, and
point B is restrained from moving along the x2-direction (U2 = 0). The film thickness, crack
spacing, and crack depth used in the luminescent and color alteration mechanochromisms
are summarized in Table 1. In each case, a film-to-substrate thickness ratio of 100:1 was
maintained such that the PDMS substrate can be considered as an infinite medium.
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Figure 7. Finite element model for crack opening response. (a) Dummy nodes were used
to represent crack opening. (b) Boundary conditions.
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Table 1. Thin film thickness and crack spacing used in the FE model.

LM
CAM

Film
thickness
(μm)
5.1
13.9

Crack
spacing (μm)
41
125

Crack depth
Average (μm)
Standard deviation
(μm)
7.0
1.2
18.3
4.5

Characterization: The mechanochromism samples were cut into rectangle shape (ca.
40 mm×10 mm) and mounted on a custom-built stretching tool to determine the optical
performance. The morphology of the topmost rigid thin film with different strains under
transmission mode (for LM and CAM) and reflective mode (for TCM) were recorded on
an optical microscope (AmScope ME 520TA). The strain-dependent surface profile of the
topmost rigid thin film of the TCM was examined on a ZYGO NewView 5000 non-contact
white light profilometer. The strain-dependent transmittance test for the TCM was
conducted on a Perkin Elmer ultraviolet/visible/near-infrared (UV/Vis/NIR) Lambda 900
spectrophotometer from 400 to 800 nm. Fluorescent spectra for LM and CAM were
examined on a Jobin Yvon Fluorolog-3 fluorimeter with an excited light source at 365 nm
or 247 nm. All of the digital photos and videos were captured by a Sony DSC-HX9V digital
camera. All of the fluorescent samples were placed in a UVP Chromato-Vue C-70G UV
viewing system with a UV light source of 365 nm or 254nm for photographing or
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videotaping. Cyclic fatigue test of the samples was conducted on an Instron 5500 universal
testing machine. Contact angle for TCM was tested on a Pendant Drop Tensiometer OCA
20 from Future Digital Scientific Corp.

2.3 Result and discussion
To obtain a highly sensitive and reversible TCM, the device is designed to contain a
transparent rigid film (made of polyvinyl alcohol (PVA) /laponite composite) tightly
bonded to a soft polydimethylsiloxane (PDMS), as shown in Figure 8f. The device can
reversibly exhibit conspicuous visual change between a transparent state and an opaque
state upon stretching and releasing within 40% strain (Figure 8g. The high opaqueness in
the stretched state is ascribed to the excellent light trapping and scattering effect resulting
from the strain dependent cracks and folds (Figure 8d), which is similar to the surface
structure of Vogtia in the opaque state. It should be noted that this device can be fabricated
using a facile and scalable method without the need to use any special equipment such as
plasma, [2] ultraviolet–ozone (UVO) radiation,[3] or lithography[1] adopted by other
researchers. For the LM, a rigid ultraviolet (UV) shielding film is firmly adhered to a soft
PDMS substrate that contains a fluorophore layer and a reflector layer. When the device
undergoes stretching, highly distributed cracks will develop in the UV shielding layer, and
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the crack size is correlated to the applied tensile strain. These cracks act as “gates” to adjust
the exposure area of the fluorophore and the concomitant UV excited fluorescent intensity.
The additional reflector layer at the bottom can enhance the fluorophore luminescence via
reflection, leading to a significant improvement of the strain-responsive luminescent
performance. Only 5% strain is sufficient to change the visibility of the device from a
nonluminous state to an apparently eye-detectable luminescent state. The design strategy
used for the LM, including the surface cracks and the reflector layer, is inspired by the
structure of the chromatophores in cephalopods. The structure of the CAM was similar to
the LM, but in this design, a thin film of laponite/fluorescein with green fluorescence was
coated atop the rigid UV shielding film, and the rigid layer was subsequently adhered to a
soft layer that contained europium doped yttrium oxide (Y2O: Eu3+, emitting orange
fluorescence). The device exhibits green fluorescence in the released state with all the
cracks closed. Upon only 20% strain, the crack opening in the rigid film can significantly
increase the exposure area of PDMS/Y2O3: Eu3+ layer, generating orange fluorescence.
Thus, the device turns the fluorescent color from green to yellow to orange along an
increasing strain. In other research, the CAM or the LM is commonly realized by
incorporating special synthetic dyes into a polymer matrix [5, 23-27]. The mechanical
strain can alter the molecular configurations of the dye molecules and thus change the
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resulting fluorescent colors26-29. However, these dyes require special synthesis expertise
and demanding reaction conditions, and the threshold strain to generate a conspicuous
visual change is generally large (100%-500%). Their insensitivity to small strains (0%40%) has limited their potential application in strain sensing [5, 25-27], while our device
has demonstrated an excellent sensitivity in response to this small strain range with facilely
fabrication process and commercial available dyes. For the EM, the device was modified
based on the LM that the encrypted information was embedded in the soft PDMS layer, as
shown in. As a result, the information “input” to the device can be reversibly revealed and
concealed upon stretching and releasing the sample (0% -17% strains) under UV light.
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Figure 8.

Preparation schemes of mechanochromisms and the strain-dependent surface

morphologies and optical properties of TCM. (a) General preparation approach for all the
mechanochromisms (the red arrows indicate the peel, pre-stretch, or stretch direction); (b)(e) optical microscope images and surface profiles of the topmost rigid layer of the TCM;
(b) immediately after being peeled from the foundation (corresponding to step (iv)); (c)
release from a 60% strain pre-stretch (corresponding to step (v)), (d)-(e) stretched at 40%
strain (corresponding to step (vi)); (f) design scheme for the TCM; (g) digital photos
demonstrating the TCM; (h) strain-dependent transmittance of the TCM. All the scale bars
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represent 20 µm. All the objects in the schematic diagram are not drawn to scale.

The preparation of the aforementioned mechanochromisms are generally similar, as
illustrated in Figure 8a. Initially, a thin rigid composite film (could contain multi-layers)
was prepared by drop-casting or spray coating on a plastic foundation followed by the
treatment of vinyl-functionalized silane vapor (step (i)). A liquid PDMS substrate was then
cast atop the thin film and then thermally cured to form a thick soft layer (ca. 1 mm). This
process can be repeated to cast multiple PDMS layers containing different functional
components (step (ii)). The approach allows the low surface energy liquid PDMS (20.4
mN/m) [20] to form an intimate contact and strong adhesion with the rigid thin film via
covalent bonding [28, 29]. The device was then carefully peeled away from the foundation
along one direction (step (iii)). After peeling, the topography of the rigid film exhibited
periodical longitudinal cracks vertical to the peeling direction and transverse folds
perpendicular to the cracks due to the compressive force as a result of the Poisson effect
(step (iv)).[30-33] However, this rough surface would deteriorate the transparency at the
released state for the TCM, and the low crack density would also limit the strain-dependent
performance for all the mechanochromisms. Thus, a pre-stretch of 60% strain was applied
to increase the densities of the cracks and the folds in the rigid thin film. It should be noted
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that such a pre-stretch results in damage at the edges and valleys of the folds. Upon release,
the rigid film restored to a flattening surface with dense cracks fully closed (step (v)). The
typical optical microscope images and surface profiles at the aforementioned procedures
are shown from Figure 8b to 8e. When the device was stretched again, the rigid thin film
showed a quasi-orthogonal periodic network with distributed longitudinal cracks and
transverse invaginated folds (step (vi) and Figure 8d and 8e) due to the mismatch of
stiffness between the rigid thin film and the soft PDMS substrate and the strong interface
bonding in between.[34-36] All these devices exhibited exceptional reversible and durable
performance, which can be repeated for virtually infinite cycles between step (v) and step
(vi) within the elasticity range of PDMS (see Figure 9-12).

Figure 9. (a) Transmittance spectra of the TCM at different strains as tested before the
fatigue test; (b) correlation between cyclic stress and cycles curve for the fatigue test; (c)
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transmittance spectra of the TCM at different strains as tested after the fatigue test.

Figure 10. Fluorescence spectra of the LM at different strains as tested before the fatigue
test (excitation wavelength of UV = 365 nm); (b) correlation between cyclic stress and
cycles curve for the fatigue test; (c) fluorescent spectra of the LM at different strains as
tested after the fatigue test (excitation wavelength of UV = 365 nm).

Figure 11. (a) Fluorescence spectra of the CAM at different strains as tested before the
fatigue test (excitation wavelength of UV = 247 nm); (b) correlation between cyclic stress
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and cycles curve for the fatigue test; (c) fluorescence spectra of the CAM at different strains
as tested after the fatigue test (excitation wavelength of UV = 247 nm).

Figure 12. (a) Fluorescent spectra of the EM at different strains as tested before the fatigue
test (excitation wavelength of UV = 365 nm); (b) correlation between cyclic stress and
cycles curve for the fatigue test; (c) fluorescence spectra of the EM at different strains as
tested after the fatigue test (excitation wavelength of UV = 365 nm).

The correlation between the optical transmittance and the applied strain for the TCM is
demonstrated in Figure 8h. The sample exhibited high transparency (transmittance > 88%
at 600 nm) in the released state (Figure 8g). With applied strains, the transmittance dropped
sharply by nearly half in the first 20% strain due to the light scattering and trapping effect
resulting from the invaginated folds and longitudinal cracks at the microscale. [37]
Impressively, the sample became highly opaque (transmittance < 29% at 600 nm) (Figure
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8h) when being stretched to 40% strain. Such performance can be repeated for almost
infinite cycles (> 50,000 times) without observable changes in the optical properties Figure
9, making them promising for applications in smart windows and dynamic optical
switches.[2] As shown in the surface profile image (Figure 8e), the opening size of the
longitudinal cracks was increased up to ca. 7.9 µm with an average depth of ca. 1.7 µm as
stretched to 40% strain. Meanwhile, the crest-to-bottom depth of the invaginated folds
increased sharply to 13.3 µm with a crest-to-crest distance of 17.8 µm. These folds show a
unique feature of sharp double ridges (or edges), indicating that the ridges undergo out-ofsurface traction, while the valley experiences into-surface traction. These folds show a high
respect ratio () of 0.75 (defined as the ratio between the crest-to-bottom depth (D) to
crest-to-crest distance (A)) when subjected to 40% strain, which accounts for the
significantly enhanced light trapping capability and the surface hydrophobicity [14, 37].
As a result, the device can change between transparent and opaque states in response to
small strains (0–40% strain). This unique fold–ridge formation mechanism was simulated
through a three-dimensional (3D) finite element (FE) model using the commercially
available software ABAQUS (version 6.14), as shown in Figure 13a. The rigid thin film
was tied onto the PDMS substrate by enforcing the displacement continuity at the interface.
The modeling details, including the geometry, boundary conditions, and material properties,
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are given in the experimental part and Figure 6. The key to capture the reversible fold–
ridge formation is to introduce damage in the thin film, which results from the development
of invaginated folds during the pre-stretch stage. These softening areas, modeled as a
damage solid by reducing the Young’s modulus to 1% of the modulus of the pristine thin
film, promote the formation of high-aspect-ratio folds in the stretched state, resulting in an
opaque state due to the light trapping capability of these folds. Figure 13c to 13f show the
evolution of the folding geometry (cross section cut along the tensile direction) with
increasing strains obtained from the FE simulation. The aspect ratio computed using the
FE model is in good agreement with the experiment, as shown in Figure 13b. It is also
worth mentioning that the surface wettability of the TCM can be tuned upon elongation
strain (see Figure 14), which is valuable for many applications, including those in liquid
transportation, [38, 39] smart microfluidics devices [40, 41] and integrated surfaces and
devices.[42, 43]
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Figure 13. Simulated or experimental results of folds in the TCM. (a) 3D finite element
simulation of folding as subjected to 40% tensile strain in X1 direction with accompany of
20% compression in X3 direction due to the Poisson effect; (b) experimental and simulated
result of the folding’s aspect ratio with different applied tensile strains; error bars are
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defined as s.d.; (c)–(f) simulated evolution of folding (visualized as 2D cross-section on
X1 direction) with an increasing tensile strain on the X1 direction. All Figures using the
same stress scale bar as applied in Figure 13a.

Figure 14. Correlation of contact angle with applied strain on the topmost surface of
transparency change mechanochromism. The sample was immersed in a 1 wt %
glutaraldehyde solution for 1 h to form a PVA/laponite crosslinked network prior to test in
order to achieve good water resistance. [1]

34

Since TiO2 has a high refractive index (2.61 at 600 nm) [44] and an excellent UV
blocking capability through absorption, scattering and reflection, [45] the TiO2/PVA (mass
ratio = 4:1) composite was utilized as the UV shielding layer in the LM which inspired by
the suid (see Figure 15a and 15b) . The soft PDMS substrate contains a Rhodamine filled
luminescent layer and a TiO2 filled reflector reflective layer, as shown in Figure 15b. The
structural reflector can not only shield the UV light from other angles, but also significantly
improve the overall fluorescence intensity by reflecting the luminescence from fluorophore.
Figure 15c shows that the device has no eye-detectable fluorescence at the released state
with cracks closed in the rigid thin film. When stretched to 5% strain, the device can display
conspicuous luminescence with the presence of the open cracks that are shown as bright
strips in the background under an optical microscopy (see Figure 15c), indicating the
remarkable strain responsive sensitivity of this device. The fluorescence spectra (see Figure
15d) and relative intensity ratio (RIR) (= (intensity of certain strain/intensity of 0% strain1) (see Figure 15e)) as a function of strain quantitatively demonstrate the variation of straindependent luminescence. Impressively, when being stretched to 40% strain, the device
displays a strong luminescence increased by 55 times in RIR (see Figure 15e)) with a crack
opening size of 18 µm. For electrical resistance strain sensors, their gauge factor is defined
as (d𝑅/𝑅)/(d𝐿/𝐿), where R is the resistance and L is the length. The gauge factor for a
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conventional metal sensor is ca. 2.0 and the value for a polymer composite (such as
PDMS/carbon black) is ca. 20 [46-48]. Similarly, we define the slope (= (d𝐼/𝐼)/(d𝐿/
𝐿)) of the RIR curve in Figure 15e) as the gauge factor for our samples. The gauge factor
of our device is 123.7 (0-50% strain), which is significantly higher than many reported
gauge factors in the electrical resistance strain sensors [46-50]. This ultrahigh sensitivity
of the strain-responsive luminescence in the LM can be attributed to the strain-induced
opening of the originally closed cracks, a high crack density with small inter-cracks spacing
(spacing size = ca. 41 µm), and the strong reflection from the structural reflector. The
evolution of RIR can be correlated to the exposure area of fluorophore which is dictated by
the crack opening size. Thus, both the crack opening size and RIR are evolved in a similar
trend. Here, these opening cracks act as micro-scale “gates” that allow the exposure of
fluorophore to the UV light and “switch on” the corresponding fluorescence. To
demonstrate the importance of the TiO2 filled reflective layer, we prepared a LM devices
with a PDMS/carbon black reflector. It was found that the RIR of this device was ca. 1.2
at 40% strain, which is about 46 times smaller than the one using the PDMS/TiO2 reflector.
Thus, the strong reflective luminescence of the fluorophore from the reflector is another
key factor to enhance the strain responsive fluorescence.
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Figure 15.

Design strategy and mechanical switchable fluorescence of the LM. (a) (Left)

cephalopods (squid) showing chromatophore on skin (photo courtesy of Nhobgood (Own
work) (CC BY-SA 3.0)) and (right) the coloration mechanism adopted by cephalopods; (b)
design scheme of the reversible LM; (c) optical microscope images showing the
distribution and size of the longitudinal cracks upon strain in the LM (all the scale bars
represent 100 µm); the insets are digital photos of this device experiencing corresponding
strains under UV light (λ=365 nm) (white arrow indicating stretch direction); (d)
fluorescent spectra of the LM as a function of strain (Excitation wavelength of UV = 365
nm); (e) relative fluorescence intensity ratio at each strain to released state (∆I/Io = intensity
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of certain strain /intensity of 0% strain - 1) and the experimental and simulated cracks size
evolution with strain for LM. Error bars are defined as s.d.

Figure 16. Digital photos showing fluorescent intensity change as a functional of applied
tensile stain (0-8%) in the luminescent mechanochromism (UV light source: λ=365 nm).

38

Figure 17. Change of relative intensity ratio as a function of applied strain (0-8%) and the
corresponding fitting curve in the luminescent mechanochromism.

The evolution of the crack size in the LM was simulated using a 3D FE model similar
to that for the fold–ridge formation in the TCM, in which the displacement continuity was
enforced across the interface between the rigid thin film and the PDMS substrate. The
distributed cracks in the thin film, which were developed after the pre-stretch stage, were
modeled as dummy nodes embedded at the crack interface. These cracks were fully opened
across the thin film and arrested in the PDMS substrate, as schematically shown in Figure
7. The simulation captures the nonlinear crack opening response for strains greater than
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30%, which are in good agreement with the experimental results, as shown in Figure 15e.
In the small-strain regime (ε < 20%), the computed crack size grows linearly with increased
strains, while the experiment shows a non-linear increase of crack size and RIR. The
computed crack size is slightly larger than the experimental result due to the fact that the
model neglects the cohesive force at the crack interface. The strong inter-molecular
hydrogen bonding in the thin film (PVA/TiO2 layer) allows the crack to be fully closed at
the released state. [51] When the film-substrate system is subjected to small strains, there
exist cohesive forces that reduce the crack opening size, resulting in an exponential growth
of the RIR in the range of 0-8% strain Figure 16 and Figure 17. However, the effect of
cohesion disappears once the crack is widely open with the fracture energy completely
dissipated.
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Figure 18. Design strategy and mechanical responsive color change of the CAM. (a)
Design scheme of the reversible CAM; (b) digital photos of CAM at different strains (0%20%) under UV light (λ=254 nm) and the corresponding optical microscope images of
crack size and distribution at 0% and 20% tensile strain (white arrow indicating stretch
direction, scale bar = 100 m); (c) fluorescent spectra of the CAM as a function of strain;
(Excitation wavelength of UV = 247 nm) (d) the change of intensity ratio of Y2O3:Eu3+ to
fluorescein with strain in the CAM and the corresponding experimental and simulated
crack size evolution with strain; error bars are defined as s.d.; (e) the color change of CAM
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at different strains illustrated in the CIE color space.

Figure 19. The area ratio of opening crack to non-opening-crack surface in CAM.

The CAM is achieved by coating a laponite/fluorescein film with green fluorescence
atop the TiO2/PVA thin film, which is bonded to a PDMS layer containing Y2O3: Eu3+ with
orange fluorescence (see Figure 18a). The overall fluorescent color is determined by the
linear combination of green and orange fluorescence. To achieve a conspicuous color
alternation in small strains less than 20%, it is necessary to consider the ratio of the
exposure areas of the two fluorophores which equals to the area ratio of opening cracks
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(corresponding to Y2O3: Eu3+) and non-opening-cracks surface (corresponding to
fluorescein). For example, at 20% strain, this ratio can be calculated from the area of bright
strips (corresponding to opening cracks) divided by the area of dark background
(corresponding to non-opening-cracks surface) in an optical microscope image shown in
Figure 18b. This ratio (see Figure 19) is ca. 19% at 20% strain, suggesting that the
fluorescent intensity and the concentration of Y2O3: Eu3+ need to be much higher than those
of fluorescein to compensate the small exposure area. Thus, the concentrations of
fluorescein and Y2O3: Eu3+ were optimized to be 1×10-8 mol/g and 4.3×10-5 mol/g in their
matrix, respectively, to maximize the strain-dependent color alternation performance. The
fluorescent spectra (excited at 247 nm) as a function of strain (Figure 18c) show two main
peaks at 533 nm (from Fluorescein) and 612 nm (from the 5D0 → 7F2 transition of Eu3+ in
Y2O3: Eu3+).[52] The peak intensity at 533 nm gradually decreased with an increasing
strain, while the peak intensity at 612 nm increased significantly. Notably, when the strain
was increased to 5% or higher, new small peaks at 594 nm (5D0 → 7F1 transition of Eu3+)
and 629 nm (5D0 → 7F2 transition of Eu3+) appeared owing to the fluorescence from Y2O3:
Eu3+.[53, 54] Extrapolated from the spectra, the intensity ratio of Y2O3: Eu3+ to fluorescein
generally increases in a non-linear fashion with an increasing strain (especially in the range
of 20-30% strain), similar to the trend of crack opening size, as shown both in the
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experiment and simulation (see Figure 18d). The intensity ratio of Y2O3:Eu3+ to fluorescein
is greater than 1 at 10% strain, and the ratio further increases to ca. 3.5 at 20% strain (see
Figure 18d)). Here, the applied strains resemble a palette which can tune the fluorescent
color of the device from green to yellow to orange within 20% strain (Figure 18b). The FE
model for computing the crack opening size (see experimental methods for modeling detail)
is similar to that for the LM, but different values of crack spacing, and depth were used in
the simulation, as summarized in Table 1. The computed crack size is in good agreement
with the experiment, as shown in Figure 18d. The model is able to capture the nonlinear
increase in the crack opening size between 20-30% strains, which agrees with the
experimental results of the intensity ratio and the crack size in the same strain range. The
color coordinate in different strains are defined by the Commission Internationale de
L'Eclairage (CIE) color space coordinate calculated from the strain-dependent fluorescent
spectra. As shown in Figure 18e, the coordinates change linearly from green to yellow to
orange with an increasing strain. Since the CIE coordinate is a linear combination of
individual color coordinates, each coordinate represents a color combination of two
individual fluorescence, one from fluorescein, and the other from Y2O3: Eu3+. Only 20%
strain is necessary to lead the device to reach orange (coordinate = 0.55, 0.41) from green
(0.30, 0.63) in original released state with a highly palpable color alternation and large
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color space crossing. Also, in this device, the transition between any two visible colors in
the CIE coordinate other than green to orange can be achieved by simply incorporating the
other corresponding fluorophores. Thus, we’ve introduced a facile and universal method to
prepare a highly sensitive and reversible mechanochromic device which can offer strain
sensitive color-alternation signal to potentially visualize the occurrence of mechanical
failure.
Furthermore, the design of EM, which can be applied in encryption or display optics
are shown in Figure 20a. Below the UV shielding layer and PDMS/Rhodamine, a patterned
TiO2 coating with “UCONN” logo is placed atop the PDMS/carbon black layer. As
discussed above, the strain responsive sensitivity of the LM using PDMS/TiO2 as a
reflector is much higher than that using PDMS/carbon black. Stretching this device under
UV light (λ = 365 nm) at 17% strain allowed the area having the TiO2 coating as the
reflector to display the “UCONN” logo with much stronger luminescence than the other
areas, while the letters can be well concealed as released (Figure 20b). Thus, the hidden
“UCONN” logo can be reversibly revealed and concealed upon stretching and releasing
the sample (0% -17% strains) under UV light.
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Figure 20. Design strategy and mechanical responsive encryption properties of the EM.
(a) Design scheme of the reversible EM; (b) the hidden “UCONN” logo concealed at
released state and revealed upon stretched to 17% strain with excellent reversibility.
(Excitation wavelength of UV = 365 nm)

In our device preparation procedures, the liquid PDMS was added on to the thin film
via drop casting. This procedure allows part of the uncured PDMS to tightly bond with the
thin film leading to a strong interface between the two layers. The strong interface is

46

essential to achieve a highly reversible and durable strain-dependent optical performance.
An alternative approach was tried by directly casting the thin film, onto the cured PDMS
substrate and interfacial delamination was observed immediately after first stretching and
releasing cycle. As a result, no conspicuous mechanical responsive transparency change
was shown due to the poor interfacial adhesion. In addition, our preparation procedure can
create localized closed cracks on the rigid thin film in the peeling and pre-stretch stage.
These localized damages play an important role in directing the formation of folds in the
step (vi) shown in Figure 8a. This folding structure is generated instantaneously as an ultrasmall strain applied as shown in Figure 21 (3% tensile strain applied with a corresponding
1.5% compression in the vertical direction due to the Poisson's effect). This unique feature
could inspire the design of folding surface on other system. Also, the excellent light
trapping capability of the high aspect ratio folding surface in the TCM can be used to
increase the efficiencies of solar energy harvesting systems. [37]
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Figure 21. The strain induced surface profile evolution of TCM on cross-section over X1
direction as defined in Fig. 2. For the blue profile, the TCM experienced 0% tensile strain
on X1 direction and 0% compression strain on X3 direction; for the red profile, the TCM
experienced 3% tensile strain on X1 direction and 1.5% compression strain on X3
direction.

For the LM and CAM, the opening and closing of the cracks that penetrated into the
interface between the rigid thin film and PDMS substrate is the key to achieving the
mechanical responsive optical properties. An alternative approach has been tried via
casting liquid PDMS containing Rhodamine dye on the porous pure TiO2 particulate film
to prepare LM. Due to the low surface tension of liquid PDMS, the PDMS can effectively
penetrate into the porous spacing of TiO2 network. The resulting device doesn’t show an
eye-detectable fluorescence even stretched to 40% strain. The result follows from the
absence of penetrated cracks in this system as stretched due to elastic nature of the PDMS
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infused TiO2 thin film. Stretching this device can only slightly reduce the concentration of
TiO2 per unit area while the remaining substantial amount of TiO2 still effectively blocks
the UV light from travelling into PDMS/fluorophore layer. Thus, PVA was mixed with TiO2
particles to form an impenetrable thin film for PDMS and the rigid nature of PVA/TiO2
film allow the formation of cracks on thin film that penetrated into the interface as stretched.
The UV blocking effect can be significantly reduced with applied strain to allow the UV
travel through and excite the fluorescence in PDMS/fluorophore layer.

2.4 Conclusion
In summary, we have designed a series of mechanochromic devices inspired by nature
with capabilities ranging from changing transparency, switchable luminescence, to altering
coloration, revealing and concealing patterns in response to mechanical stimuli. The key to
accomplishing these optical properties is to control strain-induced surface engineering, that
is, the longitudinal crack opening and transverse invaginated folds. All of these devices are
comprised of a rigid thin layer atop PDMS elastomer based on highly accessible, low-cost
materials that can be facilely and quickly fabricated. For TCM, the folds and cracks with
excellent light trapping and scattering capabilities can endow high opaqueness to the
originally highly transparent samples. The evolution of crack opening and fold–ridge
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mechanisms are captured through FE analysis that incorporates damage and cracks in the
rigid thin layer. For LM, the strain-tunable cracks on the UV shield layer act as “gates” to
mediate the traveling of UV light to “switch on/off” the luminescence of
mechanochromism. This device exhibits a remarkably high strain responsive sensitivity
with a gauge factor of ca. 123.7, which is significantly higher than some of the strain
sensors based on electrical resistance change, demonstrating an excellent sensing capability
for detecting mechanical failure or damage. Two devices with capabilities of color
alternation and encryption are also demonstrated in the report. All the mechanochromisms
show outstanding durability and reversibility, which can preserve the strain responsive
performance upon stretching and releasing for virtually infinite cycles within elasticity
range. In this work, we were inspired by the display and coloration mechanism from
biological organisms, i.e., using the muscle strain to control surface structure and
morphology and tune the resulting optical properties. We therefore use the strain-dependent
cracks and folds on the rigid thin film of a series well-designed devices as examples to
show how mechanically controlled surface engineering can achieve excellent
mechanochromic optical performances. We believe that these design strategies can inspire
various designs of other highly sensitive and reversible stimuli responsive materials with
widespread applications.
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Chapter 3.

Moisture Responsive Wrinkling Surfaces with Tunable Dynamics

3.1 Introduction
Wrinkles occur in many artificial materials[1-4] and biological systems.[5-7] Artificial
wrinkles can be generated by introducing compressive stresses to a film–substrate bilayer
system through various approaches.[8-11] In nature, the skin of human fingers, which
consists of an epidermis and a dermis layer, becomes wrinkled after prolonged exposure to
water; while a flat skin surface is retrieved as dried. [12, 13] Moreover, the aged face skin
becomes thinner and less elastic due to the dehydration, leading to the formation of
wrinkles, creases, and lines; while the cosmetic surgery can remove these unwanted aging
signs by restoring the skin’s thickness and elasticity.[14-16] It is evident that the skin
wrinkle dynamics (such as reversibility and stability) can be controlled by external
stimuli,[1, 17] as well as the skin’s structure and properties. Inspired by these tunable
dynamics, a wide range of moisture-responsive wrinkling behavior, featuring different
reversibility and stability, are designed and achieved, for the first time, using a single film–
substrate system. Moisture is used as a cost-effective and facile stimulus to generate
wrinkling surface that can be easily accessed, [18, 19] which also serves as a perfect mimic
of water-related skin wrinkling. Analog to the skin wrinkles, the key to revealing various
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wrinkling dynamics is to control the moisture-dependent film properties through tuning the
film’s crosslinking degree and/or gradient and the macro-/micro-structures of the film–
substrate bilayer system. The ultimate goal is to gain an in-depth understanding of the
moisture-activated wrinkling mechanism and control the dynamics. These versatile wrinkle
systems can in turn inspire a variety of applications related to tunable optical properties,
including smart windows, [11, 20, 21] light diffusors, [22] and anti-glare surfaces.[22, 23]

3.2 Experimental
Preparation of Sample A wrinkling surface: Transparent PVA (Mowiol® 8-88, Mw
(weight average molecular weight) ~67,000, and DH = 88% from Kuraray, Japan) film
containing 6 wt% sodium benzoates with a thickness of ca. 1.9 µm was prepared by casting
its aqueous solution (concentration: 10 mg/mL) on a pre-cleaned petri dish foundation
made of polystyrene with a diameter of 60 mm. The PVA casting solution was dried under
an infrared lamp at a temperature of ca. 55 °C. Pure liquid PDMS (Sylgard-184, Dow
Corning, base to curing agent ratio = 65:1, thickness ~1 mm) was then coated on the dried
PVA film and placed at room temperature for 12 h, followed by thermal curing at 80 °C
for 8 h. The cured bilayer sheet was then carefully peeled away from the foundation. The
PVA top thin film was then covered by a removable PDMS film (base to curing agent ratio
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= 10:1, thickness ~1 mm; this PDMS cover will be removed after crosslinking reaction
finishes) and crosslinked under a UV radiation chamber (UVP Chromato-Vue C-70G,
wavelength = 245 nm, intensity = 300 µW/cm²) for 4 h prior to placement in a desiccator
with desiccant CaCl2 for 12 h.
Preparation of Sample B wrinkling surface: Transparent PVA (Mowiol® 8-88, Mw
~67,000, and DH = 88% from Kuraray, Japan) film with a thickness of ca.1.9 µm was
prepared by casting its aqueous solution on a pre-cleaned petri dish foundation. The
addition and curing process of PDMS layers was the same as that of Sample A. The cured
bilayer sheet was then carefully peeled away from the foundation prior to the placement in
a desiccator with desiccant CaCl2 for 12 h.
Preparation of Sample C wrinkling surface: Transparent PVA (Mowiol® 8-88, Mw
~67,000, and DH = 88% from Kuraray, Japan) films containing 17 wt% sodium benzoate
with a thickness of ca. 6.9 µm was prepared by casting its aqueous solution on a pre-cleaned
petri dish foundation. Pure liquid PDMS (Sylgard-184, Dow Corning, base to curing agent
ratio = 35:1, thickness ~1 mm) was then coated on the PVA film and placed at room
temperature for 12 h, followed by thermal curing at 80 °C for 8 h. The PVA top thin film
was then crosslinked in the air under a UV radiation chamber (UVP Chromato-Vue C-70G,
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wavelength = 245 nm, intensity = 300 µW/cm²) for 4 h prior to placement in a desiccator
with desiccant CaCl2 for 12 h.
Anti-counterfeit tab based on Sample A: A patterned UV shielding stencil mask was
placed atop Sample A (but not yet crosslinked) with a PDMS film covering the PVA top
surface. The sample was then exposed to a UV radiation chamber (UVP Chromato-Vue C70G, wavelength = 245nm, intensity = 300 µW/cm²) for 4 h. Subsequently, the PVA top
surface was exposed to moisture (exposure time ~ 50 s) to allow the non-crosslinked area
to form wrinkle first following by releasing back to flatten surface. This area will never
form wrinkles again in subsequent drying/moisturizing circles, as detailed in the Sample B
description above. The sample was then placed in a desiccator with desiccant CaCl2 for 12
h. The device was then ready for use. Only the crosslinked patterned area can show the
reversible wrinkles response upon moisturizing-drying circles, thus revealing the hidden
pattern upon exposure to moisture.
Encryption device based on Sample B: A waterproof patterned stencil mask was
placed atop the Sample B surface, and the exposed patterned area was then moisturized for
ca. 50 s, leading this area to form wrinkle first followed by releasing back to flatten surface
and never form wrinkle again in subsequent drying/moisturizing circles. The mask was
then removed from the sample prior to the placement in a desiccator with desiccant CaCl2
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for 12 h. The device was then ready for use. Only in the original area covered by mask,
wrinkles will be initially formed and then permanently erased and never reformed again
during the designed moisturizing-drying cycles.
Water indicator based on Sample C: The modified Sample C used as a water
indicator contained PVA (Mowiol® 28-99, Mw ~145,000, and DH = 99% from Kuraray,
Japan), 17 wt% sodium benzoate, and 0.04 wt% glutaraldehyde (GA). The trace amount of
GA can form a low density of uniform crosslinking network (But doesn’t affect the overall
crosslink gradient generated by the UV crosslinking from sodium benzoate). [1] The reason
to choose a high Mw PVA with a high DH (i.e., Mowiol® 28-99, instead of Mowiol® 888) and achieve a low level of crosslinking throughout the PVA by GA is to obtain an
excellent dimensional stability after lengthy water immersion. A patterned UV shielding
stencil mask was placed atop the aforementioned modified Sample C prior to exposure to
UV radiation (UVP Chromato-Vue C-70G, wavelength = 245 nm, intensity = 300 µW/cm²)
for 4 h, followed by placement in a desiccator with desiccant CaCl2 for 12 h. The device
was then ready for use, and only the patterned area with gradiently crosslinked network
could form wrinkles upon contacting with water, which are stable in wet/dry state.
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Computational Model: The wrinkling response was simulated through a nonlinear
post-buckling analysis using the commercial finite element software, ABAQUS (version
6.14-2). The PVA film was tied on the PDMS substrate by enforcing the displacement
continuity across the film–substrate interface. The bilayer material was modeled as a 2D
solid and meshed using the 8-node quadratic plane strain element with reduced integration,
CPE8R. The dimension of each sample is summarized in Table 2. The boundary conditions
of the simulation are shown in Figure 22. The left and right surfaces were restrained in the
x-direction but free to move in the y-direction. The bottom surface of the PDMS substrate
was restrained in the y-direction and free of shear tractions, while the top PVA surface is
traction free. First, the linear buckling analysis was carried out based on the linear
perturbation technique using the subspace solver available in ABAQUS. The mode shape
of the first eigenmode was implemented as the initial geometrical imperfection in the
subsequent post-buckling analysis using the nonlinear dynamic implicit solver. The
constitutive responses of the PVA film, including the moisture-dependent modulus and
swelling degree (see Figure 23), were incorporated through the UMAT.[2] This subroutine
is called at each integration point at each time increment, and the material constitutive law
and the stress components at the end of the increment are updated through user-defined
options. To incorporate the damping effect in the constitutive model, the stress–strain
relation becomes,
𝜎𝑥𝑥 + 𝜈̃𝜎̇𝑥𝑥 = 𝜆𝜀𝑉 + 2𝜇𝜀𝑥𝑥 + 𝜆̃𝜀̇𝑉 + 2𝜇̃𝜀̇𝑥𝑥
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𝜎𝑦𝑦 + 𝜈̃𝜎̇𝑦𝑦 = 𝜆𝜀𝑉 + 2𝜇𝜀𝑦𝑦 + 𝜆̃𝜀̇𝑉 + 2𝜇̃𝜀̇𝑦𝑦
𝜎𝑧𝑧 + 𝜈̃𝜎̇𝑧𝑧 = 𝜆𝜀𝑉 + 2𝜇𝜀𝑧𝑧 + 𝜆̃𝜀̇𝑉 + 2𝜇̃𝜀̇𝑧𝑧

(S.1)

𝜎𝑥𝑦 + 𝜈̃𝜎̇𝑥𝑦 = 𝜇𝛾𝑥𝑦 + 𝜇̃𝛾̇𝑥𝑦
𝜎𝑥𝑧 + 𝜈̃𝜎̇𝑥𝑧 = 𝜇𝛾𝑥𝑧 + 𝜇̃𝛾̇𝑥𝑧
𝜎𝑦𝑧 + 𝜈̃𝜎̇𝑦𝑧 = 𝜇𝛾𝑦𝑧 + 𝜇̃𝛾̇𝑦𝑧
where 𝜀𝑉 = 𝜀𝑥𝑥 + 𝜀𝑦𝑦 + 𝜀𝑧𝑧 , 𝜆 and 𝜇 are Lamé constants, and 𝜆̃ , 𝜈̃ and 𝜇̃ are
damping parameters.

Table 2. Dimension parameters of the three samples for simulation.

Sample A

Sample B

Sample C
Top layer

2.3

Middle
PVA film (𝜇m)

1.9

1.9

2.3

layer
Bottom

2.3

Layer
PDMS substrate
(mm)

1.0

1.0
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1.0

Figure 22. 2D finite element model used in this study to simulate the wrinkling
responses. The geometry of each sample is given in Supplementary Table 1.
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Figure 23. Evolution of swelling strain and modulus change of the different PVA under a)
moisturizing and b) drying conditions.
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At the start of each increment, the stress and strain components (𝜎 𝑡 ,𝜀 𝑡 ) at the end of last
increment, the time increment (Δ𝑡), and the strain increment for current increment (Δ𝜀) are
passed into the UMAT through the ABAQUS solver. The strain, stress, strain rate and
1

stress rate (𝜀, 𝜎, 𝜀̇ and 𝜎̇ ) are approximated at 𝑡 + 2 Δ𝑡 at each time increment using a
central difference scheme as,
1

Δ𝜀
2

1

Δ𝜎
2

𝜀 𝑡+2Δ𝑡 = 𝜀 𝑡 +
𝜎 𝑡+2Δ𝑡 = 𝜎 𝑡 +
1

𝜀̇𝑡+2Δ𝑡 =
1

𝜎̇ 𝑡+2Δ𝑡 =

Δ𝜀
Δ𝑡

(S.2)

Δ𝜎
Δ𝑡

The stress increment at each increment is obtained as,

Δ𝜎𝑥𝑥 =

Δ𝜎𝑦𝑦 =

1

Δ𝑡𝜆
𝑡
𝑡
𝑡 )]
[(
+ 𝜆̃) Δ𝜀𝑉𝑡 + (Δ𝑡𝜇 + 2𝜇̃)Δ𝜀𝑥𝑥
+ Δt(𝜆𝜀𝑉𝑡 + 2𝜇𝜀𝑥𝑥
− 𝜎𝑥𝑥
Δ𝑡
2
2 + 𝜈̃
1
Δ𝑡
2 + 𝜈̃
1

Δ𝜎𝑧𝑧 = Δ𝑡
2

̃
+𝜈

[(

[(

Δ𝑡𝜆
𝑡
𝑡
𝑡
+ 𝜆̃) Δ𝜀𝑉𝑡 + (Δ𝑡𝜇 + 2𝜇̃)Δ𝜀𝑦𝑦
+ Δt(𝜆𝜀𝑉𝑡 + 2𝜇𝜀𝑦𝑦
− 𝜎𝑦𝑦
)]
2

Δ𝑡𝜆
2

𝑡
𝑡
𝑡 )]
+ 𝜆̃) Δ𝜀𝑉𝑡 + (Δ𝑡𝜇 + 2𝜇̃)Δ𝜀𝑧𝑧
+ Δt(𝜆𝜀𝑉𝑡 + 2𝜇𝜀𝑧𝑧
− 𝜎𝑧𝑧

Δ𝜎𝑥𝑦 =

1
Δ𝑡𝜇
𝑡
𝑡
𝑡
[(
+ 𝜇̃) Δ𝛾𝑥𝑦
+ Δt(𝜇𝛾𝑥𝑦
− 𝜎𝑥𝑦
)]
Δ𝑡
2
+
𝜈
̃
2
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(S.3)

Δ𝜎𝑦𝑧 =

Δ𝜎𝑥𝑧 =

1

Δ𝑡𝜇
𝑡
𝑡
𝑡
[(
+ 𝜇̃) Δ𝛾𝑦𝑧
+ Δt(𝜇𝛾𝑦𝑧
− 𝜎𝑦𝑧
)]
Δ𝑡
2
+
𝜈
̃
2
1

Δ𝑡𝜇
𝑡
𝑡
𝑡 )]
[(
+ 𝜇̃) Δ𝛾𝑥𝑧
+ Δt(𝜇𝛾𝑥𝑧
− 𝜎𝑥𝑧
Δ𝑡
2
2 + 𝜈̃

Thus, the stress tensor at the end of each time increment is computed as,

𝜎 𝑡+Δ𝑡 = 𝜎 𝑡 + Δ𝜎

(S.4)

In addition, the Jacobian matrix used in the UMAT, DDSDDE, is given as,
C1
C3
C3
1
𝐷𝐷𝑆𝐷𝐷𝐸 = Δ𝑡
0
̃
+𝜈
2
0
(0

C3
C1
C3
0
0
0

C3
C3
C1
0
0
0

0
0
0
C2
0
0

0
0
0
0
C2
0

0
0
0
0
0
C2 )

(S.5)

𝜆
𝜇
𝜆
where C1 = Δ𝑡 (2 + 𝜇) + 𝜆̃ + 2𝜇̃ , C2 = Δ𝑡 ( 2 + 𝜇̃), C3 = Δ𝑡 2 𝜆̃.

Note that the stress update is time dependent, which gives the dynamic process of wrinkle
formation and disappearance. For the crosslinked PVA, the viscous effect was neglected by
setting the damping parameters to zero. The damping parameters for the non-crosslinked
PVA are 𝜈̃ = 10.00 s, 𝜆̃ = 1428.57 MPa ∙ s , and 𝜇̃ = 357.14 MPa ∙ s , which agree
with the experiment results. Based on the FEA results, applying different damping
parameters (𝜆̃, 𝜈̃ and 𝜇̃) may result in an unstable wrinkle shape.
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Determination of the Moisture-Dependent PVA Properties: The swelling strain was
assumed to be a function of the water uptake, M, as [3],

1

(S.6)

𝜀𝑠𝑤𝑒𝑙𝑙 = (1−𝑀)1/3 − 1

Based on reference 4[4], the limit of the equilibrium water uptake of the PVA film is
9.0±0.2%, resulting in a swelling strain of 2.5% at the fully moisturized state. In this study,
it is assumed that the swelling strain increases exponentially as a function of time as shown
in the Figure 23, which follows the same tread of the water uptake of the PVA film in the
wet conditions [4].
The modulus of the PVA in the dry state was obtained from tensile tests. The modulus
̅̅̅̅
𝐸 1/3

𝑓
of moisturized PVA was back calculated based on 𝜆 = 2𝜋𝑡 (3𝐸̅̅̅
)
𝑠

, where 𝜆 is the

wrinkle wavelength measured in the experiment. For the crosslinked PVA, 𝜆 =
128 μm, 𝑡 = 1.9 μm, ̅̅̅
𝐸𝑠 = 0.03 MPa , and the modulus of the moisturized PVA is
approximated as 100 MPa. For the non-crosslinked PVA, a small modulus of 0.03 MPa is
used, because the moisturized PVA is in a gel state. It is assumed that the modulus of the
PVA drops rapidly once the PVA film is exposed to the moisture and then becomes stable.
Since the swelling strain and modulus change as a function of time is critical to determine
the wrinkle process, a further characterization of the moisture-dependent properties of the
PVA film is recommended for a separate study.
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Characterization: The microscope images and videos for the moisture responsive
wrinkling dynamics were recorded on an optical microscope (AmScope ME 520TA) under
reflective mode. The surface profile of the wrinkling patterns was examined on a ZYGO
NewView 5000 non-contact white light profilometer. The evolution of the direct
transmittance of all three samples under moisturizing-drying cycles was conducted on a
Perkin

Elmer

ultraviolet/visible/near-infrared

(UV/Vis/NIR)

Lambda

900

spectrophotometer at 600 nm wavelength. To test the direct transmittance, the PVA-PDMS
bilayer device was attached onto the sample holder inside the sample compartment. A cool
mist flow (relative humidity (RH) > 100%) generated by an ultrasonic humidifier was
applied on the PVA top surface, resulting in the formation and/or disappearance of moisture
responsive wrinkles. All the digital photos and videos were captured by an iPhone 6 Plus.
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra for confirming
the UV crosslinking reaction in Samples A&C were recorded on a Nicolet Magna 560
spectrophotometer. X-ray diffraction (XRD) patterns of Sample B were recorded on a
Bruker D5 diffractometer with a graphite monochromator with Cu Kα radiation.

3.3 Result and discussion
In a film–substrate bilayer system, surface wrinkling phenomenon is considered a
stress-driven instability occurring in the compressive film layer and various works have
expanded the understanding of the wrinkling from the modeling perspective [24-28].
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Therefore, to tune the moisture-activated wrinkling dynamics, it is critical to control both
the moisture-induced compressive deformation in the film and the evolution of structural
relaxation and film stiffness as a function of the applied deformation under moisturizing–
drying cycles. To achieve these design goals, we mimic the wet wrinkled fingers to make
a series of moisture-sensitive film–substrate bilayer devices, denoted as Samples A, B, and
C, that consists of a stiff hydrophilic polyvinyl alcohol (PVA) film tightly adhered onto a
hydrophobic soft polydimethylsiloxane (PDMS) substrate via a simple preparation
approach as shown in Figure 24a and 24b. The thickness of the PVA film, PVA crosslinking
degree/gradient, PDMS modulus and PVA-PDMS interface were carefully optimized.
Upon using a cool mist (relative humidity (RH) > 100% in the tested sample area[29])
generated by an ultrasonic humidifier in the open air as a moisture stimulus, we are able to
realize three distinctively different wrinkling phenomena for the aforementioned three
devices as summarized in Figure 24c. Specifically, when subjected to repeated
moisturizing-drying cycles, Sample A exhibits reversible wrinkles forming–disappearing
behavior; Sample B only temporarily shows wrinkles formation at the beginning of the
moisture exposure, while the wrinkles disappear during the subsequent moisturizing and
never reappear in the following drying/re-moisturizing processes; and Sample C
demonstrates permanent wrinkles once exposed to moisture, regardless of the subsequent
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moisturizing and drying conditions.
The formation of surface wrinkles in the film-substrate material system can be
explained based on the linear bulking theory. [1, 6] The minimum compressive stress in the
thin film required to form wrinkles, i.e., critical stress, 𝜎𝑐 , and the corresponding critical
strain, 𝜀𝑐 , can be computed as Equation (1),
1/3

2
3
̅̅̅𝑓 ∙ ̅̅̅
𝜎𝑐 = − 4 (𝐸
𝐸𝑠 )

̅̅̅ 2/3
1 3𝐸

𝑠
, 𝜀𝑐 = − 4 ( ̅̅̅̅
)
𝐸
𝑓

(1)

where ̅̅̅
𝐸𝑓 and ̅̅̅
𝐸𝑠 are the plane-strain moduli of the PVA film and the PDMS substrate,
respectively. The wavelength, 𝜆, and the amplitude, 𝐴, of the wrinkles, are correlated to
the thickness of the PVA thin film, t, and the film-to-substrate modulus ratio are shown as
Equation (2),
̅̅̅̅
𝐸 1/3

𝑓
𝜆 = 2𝜋𝑡 (3𝐸̅̅̅
)
𝑠

1/2

𝜀

, 𝐴 = 𝑡 (𝜀0 − 1)
𝑐

(2)

where 𝜀0 is the applied compressive strain. Note that the linear buckling theory only
suggests the critical conditions for wrinkles formation and the corresponding mode shape.
However, this theory cannot be used to study the evolution of the wrinkling response since
the modulus of the film changes rapidly in the moisture conditions. To fully understand the
three different wrinkling dynamics, finite element (FE) models, which incorporate the
swelling effect and the modulus change of PVA in response to moisture, are developed to
predict the dynamic wrinkling behavior when the bilayer structure undergoes moisturizingdrying cycles (see Figure 25a for the eigenmode of wrinkled shape captured by FE model).
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Figure 24. a) Humans’ fingers become wrinkled after lengthy exposure to water and return
to flat as dried; b) preparation approaches for the three moisture responsive wrinkling
devices (E = Elastic Modulus); c) schematic of the different responsive dynamics of the
three moisture responsive wrinkling devices and an OM image of a typical wrinkling
surface (scale bar = 100 m).

In Sample A, which aims to achieve reversible wrinkling dynamics under moisturizingdrying cycles, the PVA film was uniformly crosslinked with a thickness of 1.9 µm and an
elastic modulus of ~1059 MPa at 30% RH. A soft PDMS (base to curing agent ratio = 65:1,
thickness ~1mm) with an elastic modulus of ~30 kPa was used as the substrate (see Figure
25b). To maintain the wrinkles in the moisturizing conditions, the decrease of the PVA film
modulus induced by the penetrated water molecules should be carefully controlled such
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that the compression in the film exceeds the critical value for wrinkles formation.[24] Thus,
a crosslinked PVA was used owing to its ability to maintain a stable and moderate modulus
through effectively restricting polymer chain mobility as exposed to moisture.[25-27] The
crosslinking reaction was carried out via adding a UV sensitizer sodium benzoate into the
PVA matrix.[28] A schematic of the wrinkling dynamics is shown in Figure 25b. Details of
the PVA crosslinking mechanism and the corresponding infrared spectra are shown in
Figure 26 and 27, respectively. Since the diffusion of oxygen across the film consumes
radicals and restrains the crosslinking reaction, the PVA thin film was covered by a
removable PDMS film to block the oxygen diffusion and ensure uniform crosslinking.[29]
Formation of wrinkling surfaces can induce a change of direct transmittance due to light
scattering effect of buckled structures.[22] The PVA–PDMS bilayer system is transparent
at the flatten state, and becomes opaque when the wrinkles develop on the top surface. Thus,
the wrinkles forming–disappearing dynamics can be visualized and illustrated through the
sample’s UV-Vis transmittance spectra plotted against the time of moisturizing or drying
(Figure 25c). The spectrum indicated that wrinkles formed when the sample was
moisturized for 6 s and then maintained stable during the subsequent moisturizing process.
It should be noted that an initial tension stress is built up on the PVA film during the film
drying and UV crosslinking. Once exposed to moisture, this tension stress is released,
followed by the swelling of the PVA film. After removing the moisture source, the
wrinkling surface was released back to a flatten surface at a slower rate by 1.4 times
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compared to the wrinkles formation process, because extra time is needed to evaporate the
moisture from the PVA film. To better illustrate this wrinkles-induced optical response, a
printed “UCONN” logo was placed under the bilayer to indicate the transparency of the
material. The relations between wrinkles formation and transparency change is shown in
Figure 25d, where the optical microscope (OM) images of the wrinkling PVA top surface
and the corresponding insets showing the visibility of the “UCONN” logo captured at four
characteristic points denoted as 1-4 in Figure 25c. The logo became invisible during the
formation of isotopically oriented wrinkles (wavelength = 128 m as indicated in Figure
28a), accompanied by a decrease in the light transmittance; once the sample was reversed
back to a flatten surface, it exhibited a high transparency. This is because the swelling strain
in the PVA film decreased upon drying, resulting in a decrease in the compressive stress
that prevents the wrinkles from occurring. Owing to the structural stability of the
crosslinked polymer and generally comparable equilibrium swelling ratio under cyclic
moisture absorption and desorption, the transition between surface wrinkling and flattening
can be reversibly generated upon repeated moisturizing and drying cycles (Figure 25e).
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Figure 25. a) The first eigenmode of wrinkled shape obtained from the linear buckling
analysis; b) schematic of the wrinkle formation and disappearance in Sample A; c)
evolution of the experimental UV-Vis transmittance spectra and simulated wrinkle
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amplitude of Sample A in the first moisturizing-drying cycle; d) OM images of the
wrinkling surface and the corresponding insets showing the visibility of the “UCONN”
logo captured at four characteristic points denoted as 1-4 in Figure 25c (scale bar = 100
m); the insets are digital photos of Sample A held above a printed “UCONN” logo; e) the
UV-Vis transmittance spectra of Sample A upon 20 moisturizing/drying cycles; f) the
preparation approach for anti-counterfeit tabs; g) schematic of the responsive behavior of
the anti-counterfeit tab via creating wrinkles regionally; h) the hidden pattern “IMS” can
be reversibly revealed by breathing toward the anti-counterfeit tab prepared based on
Sample A.

Figure 26. Scheme of the UV crosslinking reaction of PVA at the presence of the UV
sensitizer sodium benzoate. The photolysis of the sodium benzoate can produce a free
radical that will abstract a tertiary hydrogen from the PVA chain to create a polymeric
radical crosslinking process (M representing the polymer chain of PVA).
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Figure 27. ATR-FTIR spectra of the PVA top surface on Sample A before and after UV
crosslinking. These two spectra show a decrease on absorption peaks at 1596 cm-1 and 1552
cm-1, which correspond to the C=C stretching vibration of the benzoate ring and the
asymmetric carboxylate anion stretching of sodium benzoate, respectively, as PVA is
exposed to UV radiation, indicating the photo-decomposition of sodium benzoate.

75

(a)

(b)

(c)

Figure 28. White light profilometer diagrams of a) Sample A wrinkling surface after 10 s
of moisture exposure; b) Sample B wrinkling surface after 10 s of moisture exposure, c)
Sample C wrinkling surface in the dried state (scale bar = 100 m).

The forming–disappearing wrinkling dynamics was further investigated through a 2D
FE model. The PVA film was tied onto the PDMS substrate by enforcing the displacement
continuity at the interface, as shown in Figure 22. In the literature, the film-substrate bilayer
system is commonly modeled using elastic and/or hyperelastic constitutive models [30, 31],
with an emphasis on the wrinkle shape and the critical conditions for wrinkle formation[3033]. The focus of this paper is to study the dynamic process of wrinkle formation and
disappearance in the bilayer system by accounting for the change of the modulus of PVA
when it is exposed to moisture. The analysis was carried out using the commercial FE
software, ABAQUS (version 6.14), and the moisture-dependent properties, including the
swelling strains and the change of the modulus of PVA (decreased first and then became
virtually constant under the subsequent moisturizing), were incorporated into the
simulation through a user-defined material subroutine, UMAT, using the input responses

76

shown in Figure 23. The determination of the moisture-dependent properties and the
detailed procedures of implementing UMAT are provided. Note that the wrinkles formed
in Sample A remains stable, because the winkle develops after the modulus of the PVA film
becomes constant. The evolution of the predicted winkle amplitude correlates well with the
UV-Vis transmittance spectra (Figure 25c). This reversible wrinkling phenomenon inspires
the design of a revealable moisture responsive pattern by generating wrinkles regionally
only. Details of the fabrication process and responsive scheme are provided in Figure 25f
and Figure 25g. Besides humidifiers, other high humidity sources, such as breathing, can
be a convenient and effective approach to reversibly activate this device (see Figure 25h).
It is expected that this human-breath revealable surface pattern is applicable as an anticounterfeit tab for commercial products.
The second wrinkling behavior achieved in this bilayer system is to permanently erase
the wrinkles formed during the first moisture exposure, denoted as Sample B. Herein, a
non- crosslinked PVA (elastic modulus ~950 MPa at 30% RH) was used as thin film. The
PDMS substrate was the same as the one used in Sample A (See Figure 24b). The noncrosslinked PVA can swell under moisture conditions, similar to its crosslinked counterpart.
However, this type of PVA is highly susceptible to moisture, because water molecules can
easily induce plasticization of its amorphous regions and destruction of its crystalline
regions, resulting in a significantly lowered modulus in a high RH environment. [11, 24,
34] Thus, the modulus of the PVA film of Sample B decreased dramatically as moisturized
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(Figure 23). Additionally, during the drying process after the first moisture exposure, the
PVA molecular chains came into closer proximity, which created an increasing number of
hydrogen bonds to form new crystalline zones.[35] This increased crystallinity (Figure 29)
led to a significant reduction of available –OH sites for water absorption during the remoisturizing process, resulting in a great decrease of swelling degree and prevent the
wrinkles from re-appearing (Figure 23).[36-38] As a result, the wrinkles developed during
the initial moisturizing process as soon as the critical condition was reached, while the
continuous degradation of the film modulus led to the disappearance of wrinkles. Upon remoisturizing after drying, the significantly decreased swelling strain of the film was
insufficient to induce a compressive stress higher than the critical value. Thereby, no
wrinkles formed in the following moisturizing/drying cycles. The wrinkles formation–
disappearing phenomenon displayed by Sample B is shown in Figure 30a. The
corresponding UV-Vis transmittance spectra in the first two moisturizing cycles are shown
in Figure 30b. The wrinkles only sustained for ca. 30 seconds under the moisturizingdrying cycles. Notably, a PVA with a DH of 88% was selected, allowing the ease of
moisture penetration to the polymeric network and the rapid reduction of film modulus,
offering a suitable observation time window for optical devices. Figure 30c demonstrates
the OM images of the wrinkling PVA top surface and the corresponding insets showing the
visibility of the “UCONN” logo captured at four characteristic points denoted as 1-4 in
Figure 30b. The logo was invisible when Sample B exhibited an isotropic wrinkling pattern
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(wavelength = 102 µm, see Figure 28b); while the logo became visible as Sample B
reversed back to a flatten surface.

Figure 29. XRD patterns of the non-covalently crosslinked PVA film used on Sample B
before it was moisturized (red curve), and after it was dried from the 60 s moisturization
(black curve). Both patterns exhibit a characteristic diffraction peak at 2 = °,
corresponding to the (101) crystal plane of PVA, where the intensity of the peak can
indicate the crystallinity of the PVA film. The other two peaks presented at 38.5° and 44.6°
in both patterns belong to an aluminum sample holder that remain unchanged. Thus, they
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can serve as external references for the comparison between the PVA crystallinity peaks in
the two patterns. The result demonstrates that the crystallinity of PVA increased after
drying from the first moisture exposure.
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Figure 30. a) Schematic of the wrinkle formation and disappearance in Sample B; b)
evolution of experimental UV-Vis transmittance spectrum and simulated wrinkle amplitude
of Sample B with moisturizing time (the sample was dried prior to second moisture
exposure); c) OM images of the wrinkling surface and corresponding insets showing the
visibility of the “UCONN” logo captured at four characteristic points denoted as 1-4 in
Figure 30b (scale bar = 100 m); the insets are digital photos of Sample B held above a
printed “UCONN” logo; d) flow chart for the preparation of a moisture responsive
encryption device based on Sample B; e) responsive behavior of the encryption device
based on Sample B upon two moisturizing-drying cycles, showing an “erase after read”
feature.

To further understand this unique, irreversible wrinkling phenomenon, a FE model
similar to the one used for Sample A was used to simulate the amplitude of the wrinkles
under the moisturizing-drying cycles. The PVA film was modeled as a viscoelastic material
to ensure a smooth change of the winkle amplitude as evident in the experiment. The input
moisture-dependent material properties are shown in Figure 23. The computed wrinkles
amplitude shows a good correlation with the measured UV-Vis spectra, as shown in Figure
30b. The distinctive wrinkling dynamics of Sample B allows for the development of an
intriguing moisture responsive optical device with the feature of “erase after read”. Details
of the fabrication process is provided in Figure 30d. When the device was exposed to
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moisture, the hidden pattern (“IMS”) appeared and maintained for ca. 30 s before it was
permanently erased, as shown in Figure 30e. Such a device, which can show the hidden
pattern (e.g., information) and then permanently erase the pattern with a simple stimulus,
may find unique applications such as encryption devices.
Sample C demonstrates another form of irreversible wrinkling response, in which
permanent wrinkles are formed after first moisture exposure. To achieve this phenomenon,
a relatively thick PVA film with a thickness-wise crosslinking gradient was firmly attached
onto a PDMS substrate, which is expected to generate a stable wrinkling surface.[29, 3942] To obtain a crosslinking gradient, a PVA film containing sodium benzoate was
crosslinked via UV radiation with exposure to the air, allowing oxygen to continuously
diffuse into the PVA film with a decreasing concentration gradient toward the PVA-PDMS
interface and consume the UV activated radicals for crosslinking reaction.[43] The
resulting crosslinking degree and modulus were lower on the top surface close to the airPVA interface, gradually increasing through the film thickness. The crosslinking gradient
is evident in Figure 31. When moisture was applied, the swelling degree of the PVA film
gradually decreased along the film thickness. This thickness-wise swelling gradient
allowed the bottom layer of the PVA film and the substrate to exert a compressive force to
the top layer of the film, leading to wrinkles formation when the critical condition is
satisfied. During the drying process, the wrinkles relaxation time is proportional to the
thickness, crosslink gradient of PVA film, and the modulus of PDMS. To lock the wrinkles
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structure, the relaxation time needs to be longer than the drying time. Thus, a thick,
gradient-crosslinked PVA film with a thickness of 6.9 µm and a tougher PDMS substrate
(base-to-curing agent ratio of 35:1, modulus ~110 kPa) were used. The schematic wrinkle
dynamics of Sample C is shown in Figure 32a. The evolution of the UV-Vis transmittance
spectra in the first two moisturizing-drying cycles are shown in Figure 32b. During the first
moisturizing process, it took ca. 90 seconds to initiate the wrinkling surface, followed by
an increase in the sample opaqueness. As dried, the transmittance was partially recovered
at the beginning, followed by a steady state of 29% after dried for 530 seconds. This
indicated that the wrinkling surface was finally stable in the dry condition. Upon the second
moisturizing process, the transmittance decreased to 10% again and was returned to 29%
as dried, showing that the wrinkling surface remained generally stable under further
moisturizing–drying cycles. Figure 32c shows the OM images of wrinkles patterns at four
characteristic points denoted as 1-4 in Figure 32b. The wrinkles morphologies evolved
from pseudo-hexagonal (point (1)) to peanut (point (2)) shapes and were finally stabilized
with a labyrinthic pattern (point (3)). As dried for 530 seconds, the labyrinthic wrinkling
shape with a wavelength of ~76 µm (see Figure 28c) was still well-preserved with slight
relaxation (point (4)).
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Figure 31. ATR-FTIR spectra of the PVA top surface on Sample C with and without
gradient crosslinking. The sample without gradient crosslinking contains the same
composition but covered with a PDMS film during crosslinking reaction to ensure a
uniform crosslinking network across the film thickness. Compared to the non-gradient
(uniformly) crosslinked PVA surface, the spectrum of the gradiently crosslinked one
exhibits higher intensity absorption peaks at 1552 and 1596 cm-1 (corresponding to the
C=C stretching vibration of the benzoate ring and the asymmetric carboxylate anion
stretching of sodium benzoate, respectively) after the sample was exposed to a same
duration of UV radiation. This indicates that part of the sodium benzoate did not participate
in the PVA crosslinking reaction and render the PVA surface with gradient crosslinking
across the film thickness.
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Figure 32. a) Schematic of the wrinkle formation in Sample C; b) evolution of
experimental UV-Vis transmittance spectra and simulated wrinkle amplitude of Sample C
with two moisturizing-drying cycles; c) OM images of the wrinkling surface on Sample C
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at four characteristic points denoted as 1-4 in Figure 32b (scale bar = 100 m); d) digital
photos of LED lamps covered with and without Sample C, demonstrating that Sample C
can serve as an effective light diffusor; e) the demonstration of anti-glare properties of
Sample C wrinkling surface; f) a water indicator prepared based on Sample C attached onto
a circuit board, and the hidden “H2O” pattern being revealed after the PVA surface was
dried after water exposure.

A similar computational model was employed to capture the wrinkling response of
Sample C. Herein, the thin film was discretized into three layers to account for the
thickness-wise cross-linking gradient. The top layer was modeled as a non-crosslinked PVA
based on the film properties used in Sample B, while the middle and bottom layers were
modeled using the properties of the cross-linked PVA used in Sample A. The key to
capturing the stable wrinkling surface in the dry cycle is to introduce a solidification effect
in the top film layer, i.e., the top layer dries faster than the lower layers. Thus, at the
beginning of the dry cycle, the top layer started to dry, while the lower layers still maintain
a wrinkled shape. This lag led to the solidification effect, which set the wrinkled shape of
the top layer, while the bottom layers of the film became flattened due to the reduced
swelling strain and recovered modulus. This resulted in a stable wrinkling surface with a
slightly smaller amplitude than that in the moisture cycle. The computed wrinkle amplitude
shows a good correlation with the measured UV-Vis spectra (Figure 32b). The stable
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wrinkles in the ambient environment can be applied as light diffusors and anti-glare films
due to the excellent light scattering capability of winkled surfaces (see Figure 32d and 32e),
respectively). Moreover, the permanent wrinkle phenomenon generated by a relatively
higher amount of moisture/water can be further applied as a water indicator for circuit
boards. Details of the fabrication process are provided in Figure 33. As shown in Figure
32f , the original transparent water indicator was attached onto a circuit board. After the
indicator contact with a stream of water and then subsequently dried, the hidden “H2O”
pattern was revealed, indicating the circuit board was once exposed to water. The pattern
stays even after the indicator was re-moisturized or dried.

Figure 33. Flow chart for the preparation of a water indicator based on Sample C.
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3.4 Conclusion
In summary, we achieved three distinctive types of moisture responsive wrinkling
dynamics in a PVA–PDMS film–substrate system, including (A) completely reversible
wrinkles formation; (B) irreversible wrinkles formation I: the initially formed wrinkles can
be permanently erased and never reappear; and (C) irreversible wrinkles formation II: once
wrinkles form, they can no longer be erased. The design was realized by adjusting both the
mechanical and structural properties of the film and substrate, specifically, the moisturedependent responsive properties of the PVA thin film by controlling the thickness, and
crosslink degree/gradient, as well as the film-to-substrate thickness ratio. The evolution of
wrinkles formation was manifested as the change of the transparency of the bilayer material.
An FE model was developed to capture the three different wrinkling phenomena, and the
predicted wrinkles amplitude correlated well with the direct light transmittance of the
material. These unique responsive dynamics motivate the invention of a series of optical
devices triggered by moisture, including anti-counterfeit tabs, encryption devices, water
indicators, light diffusors, and anti-glare films. This study also paves the road for further
understanding of the skin wrinkling dynamic and manipulation.
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Chapter 4.

Multi-stimuli responsive chromisms based on three-dimensional
integration for stretchable interactive electronics

4.1 Introduction
Stimuli-responsive chromic materials capable of exhibiting visual color change as
exposed to external stimuli (e.g., mechanical strain, heat, light, electricity, solvent polarity,
etc.) has attracted tremendous interest because of their huge potential in the new generation
of intelligent devices, such as smart windows,[1-3] optical switches,[4-6] displays,[7-9]
sensors,[10-12] and so on.[13-15] These chromic materials commonly undergo
interconversions of isomeric molecular structures with different light reflection properties
upon stimuli exposure and result in color change.[14, 16] These visual signals can be
directly discerned with naked eyes, providing a simple and straightforward sensing
approach for people to perceive the change of environmental conditions.
In the field of user-interactive electronics, a variety of devices are exploited to mimic
one of human skin’s sensory capabilities for sensing mechanical strain, [17, 18]
temperature, [19, 20] UV radiation,[21, 22] or other external stimuli,[12, 23, 24] while few
devices possess multi-stimuli response characteristics in one single system. Synthetic
multi-stimuli chromic materials are widely considered as promising colorimetric sensory
units for the aforementioned applications. Although a few examples of these materials were
reported, [25-28] they commonly require highly demanding and complicated synthesis
processes that are usually not feasible for large-scale production. Also, some synthetic

92

multi-stimuli chromic materials only contain two color states that show identical changes
upon different stimuli.[29-33] As a result, these chromisms are not able to distinguish the
types of stimuli, significantly limiting their applications for interactive electronics under
multi-stimuli environment. Therefore, it is crucial to develop an alternative facile approach
to enable these applications to exhibit different color changing styles to various individual
stimuli.
Herein, we demonstrate a structural design strategy to prepare prototype devices
through a three-dimensional (3D) integration approach. That is, rationally packing and
assembling various commercial chromic materials via vertical layer stacking and planar
assembly (including binary combination and parallel packing). The resultant prototype
devices clearly demonstrate four different chromic responses to various stimuli (including
UV, mechanical strain, heat, and/or electrical field) with different color changing styles
and negligible cross-interference. For example, the interactive electronics with a high
stretchability (0~300% strain) exhibits thermochromic (green changing to white) and
photochromic (green changing to violet) characteristics, electrochromic response
(transparent changing to blue) indicating bias direction, as well as two types of
mechanochromic (green changing to red) effects with different levels of strain sensitivity.
Thus, this 3D integration approach gives rise to two intriguing prototype devices with
remarkable multi-stimuli responsive characteristics, for the first time, by only using
commercial chromic materials without the need of extra synthesis process.
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4.2 Experimental
Preparation of the thermal/photo/mechanical responsive chromic units for
stretchable interactive electronics. A mixture of uncured Ecoflex® silicone (all Ecoflex®
used in this work contains Part A & Part B with w/w = 1:1, Smooth-On, Inc.) and red soap
dye (containing titanium dioxide, mica, iron oxide, and tin oxide, MyoMakeup.com.) with
a mass ratio of 10:1 was drop cast on a VHB™ 4905 double-sided adhesive tape (3M
Company, thickness ≈ 0.5 mm) with a thickness of ca. 0.1 mm, followed by curing at 80
°C for 2 hours. A layer of TiO2 (99.9%, CR828, Tronox) and polyvinyl butyral (PVB)
(Mowital® B 60 HH, Kuraray, mass ratio of PVB/TiO2= 4:1) with a thickness of ca. 890
nm was then spray coated onto the other side of the VHB™ 4905 double-sided adhesive
tape by an airbrush style spray-gun (Master Airbrush G444-SET, equipped with a 0.5 mm
needle nozzle and a Royal Mini Air Compressor, TC-20B, 10 mg/mL TiO2/PVB ethanol
suspension), followed by the spray coating of a layer of mirror chrome (containing metal
flakes, Spaz Stix, Inc.; thickness ≈ 40 nm) to form a light shield layer. A layer of pure
Ecoflex® (thickness ≈ 6.6 μm, 100 mg/mL of Ecoflex®/hexane solution) was then spray
coated atop the mirror chrome layer and cured at 80 °C for 30 min followed by a 20 min
UVO treatment in a Novascan PSD digital UV ozone system. Subsequently, a
homogeneous thermochromic and photochromic pigment mixture layer (thickness ≈ 3.3
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μm) with a weight ratio of 1:1 was spray coated atop the cured and UVO treated Ecoflex ®
layer (the thermochromic pigment was purchased from Karlsson Robotics and the
photochromic pigment was purchased from Glomania; both the thermochromic and
photochromic pigments used in this work contain a mixture of Leuco dyes, weak acids and
salts microencapsulated in polymer; 10 g/mL pigment ethanol suspension). A layer of
uncured Ecoflex® with a thickness of ca. 0.39 mm was cast atop the pigment mixture layer
and placed in a refrigerator set at -10 °C for 4 hours to allow the uncured Ecoflex® to
penetrate into the porous spacing between the pigment particles followed by curing at 80
°C for 30 min. The preparation of the low strain sensitivity unit is the same as the
aforementioned procedures except for having a 150% pre-stretching strain prior to spray
coating the light shielding layer and released to 0% strain prior to final addition of the thick
Ecoflex® layer.
Preparation of the LED set with electrochromic characteristic and stretchable
conductor for the stretchable interactive electronics. An ITO coated PET film (Sigma
Aldrich, surface resistivity ≈ 60 Ω/sq, ITO coating thickness ≈ 130 nm, PET film thickness
≈ 0.127 mm) was attached to a glass slide (size: 3.0 cm×2.5 cm) via a double-sided adhesive
tape. A layer of PEDOT: PSS (1.0 wt. % in H2O, purchased from Sigma Aldrich, resistance
≈ 50 to 120 Ω/sq, thickness ≈ 300 nm, area ≈ 1 cm×1 cm) was cast and dried atop the ITO
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coated PET film. A gap of ca. 0.5 mm was created across the thickness of the conductive
PEDOT: PSS layer and the PET film to allow for the formation of two identical separated
electrodes followed by casting a layer of PMMA/LiClO4/propylene carbonate polymer gel
electrolyte (PMMA, Plexiglas® V825, Mw ≈ 100,000, LiClO4 and propylene carbonate
were purchased from Alfa Aesar, weight ratio of PMMA/LiClO4/ propylene carbonate =
3.8:1.0:11.6) and then encapsulated by PDMS (Sylgard® 184, base to curing agent = 10 to
1, cured at 55 °C for 8 h). A LilyPad LED lamp (purchased from Sparkfun) was connected
with the two separated ITO electrodes via conductive adhesive (purchased from Atom
Adhesives, AA-DUCT 907 Silver Conductive Epoxy). To prepare the stretchable
conductor, the VHB™ 4905 double-sided adhesive tape (size: 4.0 cm×2.5 cm) was prestretched to 450% strain and attached to a releasable rigid frame. The conductive thread
spun from stainless steel fiber (purchased from Sparkfun, diameter: ca. 0.12 mm) was
adhere to the stretched VHB™ tape and roll pressed by a glass rod. Another VHB™ 4905
double-sided adhesive tape was also pre-stretched to 450% and attached atop the
conductive thread and roll pressed by a glass rod to make a sandwich-like structure
followed by releasing to 0% strain.
Preparation of the multi-stimuli responsive stretchable interactive electronics.
Two types of thermal/photo/mechanical responsive chromic units, one with a high strain
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sensitivity and one with a low strain sensitivity (both having a size of 5.5 cm×0.6 cm), an
LED device with electrochromic unit (3.0 cm×2.5 cm), and a stretchable conductor (5.5
cm×2.5 cm) were attached to a layer of VHB™ 4905 double-sided adhesive tape (14
cm×2.5 cm). The thread of the stretchable conductor was connected to the ITO coated PET
by silver conductive epoxy and the edges of the stretchable conductor (VHB™ part) were
adhered to the LED device with a silicone adhesive (Sil-Poxy, Smooth-On, Inc.).
Characterization. The thermal/photo/mechanical responsive chromic units were cut
into rectangles and mounted on a custom-built stretching tool to determine the optical
performance. The reflectance spectra of all of the samples were characterized on a
Shimadzu UV-2450 UV-Vis Spectrophotometer. The transmittance changes of the
PEDOT:

PSS

electrochromic

response

was

recorded

on

a

Perkin

Elmer

ultraviolet/visible/near-infrared Lambda 900 spectrophotometer. The topography of the
thermal/photo/mechanical chromic units were recorded on an AmScope ME 520TA optical
microscope. All of the digital photos and videos were captured with an iPhone 6 Plus.

4.3 Result and discussion
The general design strategy for the multi-stimuli responsive chromic units is shown in
Figure

34a.

Four

representative

stimuli

97

responsive

chromic

processes,

i.e.,

thermochromism, photochromism, electrochromism, and mechanochromisms, are applied
in a single system. The thermochromic and photochromic materials are typically in a
powder form. Thus, it’s possible to have both chromic effects evident via selecting
appropriate color change styles and mass ratio of these two materials followed by binary
combination. The mechanochromic characteristic can be realized by introducing a rigid
thermochromic/photochromic film atop a light shielding layer, which is tightly attached
onto a soft and stretchable substrate. When this vertically-stacked layered structure
undergoes stretching, distributed cracks are developed on the top rigid layer and these
cracks behave like “shutters” (Figure 34b) to adjust the exposure of the underlying soft
substrate with a different color. During stretching, the color intensity per unit area of the
top rigid layer decreases (owing to the formation of cracks) while the bottom color
intensifies (owing to a larger exposure), the combination of the above two-color intensity
changes enables the device to display strain-dependent color variation. Note that the strain
sensitivity of this mechanochromic response can be tailored by applying pre-stretching on
the substrate before coating the rigid light shielding layer and the chromic film, which will
be demonstrated in detail in the following section. The electrochromic effect is exemplified
by a lateral electrochemical cell equipped with polymer gel electrolyte atop two side-byside conductive polymer electrodes and parallelly packed with the other chromic units. In
brief, this 3D integration strategy allows for rational packing and assembling of various
chromic sections with different color change styles and minimal cross-interference.
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The stretchable multi-stimuli responsive interactive electronics developed in this work
mainly contains two thermal/photo/mechanical responsive chromic units with different
mechanochromic sensitivities, an LED set connected to an electrochromic unit indicating
bias

direction,

and

a

stretchable

conductor.

The

design

scheme

of

the

thermal/photo/mechanical responsive chromic units for this device is shown in Figure 34b.
The silicone rubber (Ecoflex®)/red soap dye and a transparent double-sided adhesive
(3M™ VHB™ tape) bilayer structure is used as the stretchable substrate followed by spray
coating a light shielding layer (consisting of a metal-like mirror chrome layer atop a
polyvinyl butyral (PVB)/TiO2 composite), and a layer of thermochromic/photochromic
homogenous binary mixture. This rigid pigment layer was then encapsulated by a layer of
Ecoflex® (see Figure 34c for its cross-section structure). In this device, we select a
thermochromic pigment that displays green color at room temperature (referred to as 25
°C) and switches to white as heated above 33 °C (Figure 35), while the selected
photochromic pigment shows white color under visible light but changes to violet color as
exposed to UV light at 365 nm (Figure 36). Thus, this binary mixture at a mass ratio of 1:1
demonstrates green color at room temperature under visible light, and it changes to white
as heated above 33 oC under visible light; when exposed to UV light at 365 nm at room
temperature, the mixture color will change to violet as the photochromic effect becomes
dominant (as shown in Figure 34d). Upon stretching at room temperature under visible
light, the device instantaneously switches from green to red color as stretched to ca. 100%
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strain owing to the crack opening of the rigid layer (see Figure 34d) and this
mechanochromic response has an excellent reversibility upon multiple stretching-releasing
circles. Note that the strain sensitivity of the mechanochromic response can be easily
tailored by simply applying a pre-stretching strain on the substrate followed by the same
fabrication procedures (Figure 34b). In our case, we prepared one with a high strain
sensitivity (Figure 34d) and one with a low strain sensitivity (Figure 34e). To prepare the
sensing unit with a low strain sensitivity, a pre-stretch of 150% strain on the substrate is
applied before the spray coating process. As a result, the appearance of the evident red
color of the device is not shown until reaching ca. 200% strain, as shown in Figure 34e (we
denote the two thermal/photo/mechanical responsive chromic units with different strain
sensitivities shown in Figure 34d and 34e as high stain sensitivity unit (no pre-stretching
applied, changing to red at ca.100% strain) and low strain sensitivity unit (with prestretching applied, changing to red at ca. 200% strain), respectively). In brief, this sensory
unit has distinctive color changing styles to thermal, UV, and mechanical stimuli.
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Figure 34. Preparation and performance of the thermal/photo/mechanical responsive
units for stretchable interactive electronics. (a) General strategies for preparing multistimuli responsive chromic units via the 3D integration approach for stretchable interactive
electronics and encryption devices; (b) scheme for preparing the thermal/photo/mechanical
responsive chromic units with a high strain sensitivity and a low strain sensitivity; (c)
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optical microscopic image of the cross-section of the thermal/photo/mechanical responsive
unit (scale bar = 100 μm); (d) thermal/photo/mechanical responsive behavior of the high
strain sensitivity unit; (e) thermal/photo/mechanical responsive behavior of the low strain
sensitivity unit; (f) reflectance spectra of the thermal/photo/mechanical responsive
behavior of the high strain sensitivity unit; (g) optical microscopic images of the
topography of the high strain sensitivity unit under strain, UV, and heat (scale bar = 50
μm).

Figure 35. Reflectance spectra and digital photos of the green thermochromic powders
below/above the transition temperature of 33 °C.
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Figure 36. Reflectance spectra and digital photos of the violet photochromic powders as
exposed to visible light/UV light (365 nm wavelength).

Figure 34e shows the reflectance spectra of the high strain sensitivity unit displayed in
Figure 34d. The intensity of the peak at ca. 520 nm corresponding to the green color of the
thermochromic/photochromic layer under visible light decreases with an applied strain;
while the peak at ca. 614 nm corresponding to the red color of the substrate becomes more
intensive at a higher strain. When the released sample exposed to UV radiation at 365 nm,
the peak originally located at ca. 520 nm shifts to ca. 496 nm, indicating a change of surface
color. While being heated to above 33 °C, the peak at 520 nm disappears with no other
evident peaks shown in the spectrum, suggesting the sample exhibits a white color. The
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corresponding reflectance spectra of the low strain sensitivity unit are shown in Figure 37,
demonstrating a similar trend but with a lower sensitivity of the strain-dependent color
change. The optical microscopic images of the topography of the high strain sensitivity unit
without the Ecoflex® encapsulation are shown in Figure 34g. The sample surface shows a
particulate morphology with a collection of green color granulated particles at 0% strain
under visible light. When being exposed to UV radiation at 365 nm, the photochromic
effect leads to a darker color. If the sample is heated to above 33 °C, the white particle
color becomes dominant in the topography owing to the thermochromic effect. Upon being
stretched to 200% strain under visible light, distributed cracks developed on the sample’s
surface, exposing the red substrate. The microscopic images of the lower strain sensitivity
unit (Figure 38) demonstrate similar scattered opening cracks at 300% strain. The size of
the crack width as a function of strain for both samples are shown in Figure 39, showing
the high strain sensitivity unit having a larger crack opening size as compared to the low
strain sensitivity unit under the same strain level. Note that similar mechanochromic effect
can also be visualized in both samples as stretched under UV radiation (365 nm) or heated
to above 33 °C.
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Figure 37. Reflectance spectra of the thermal/photo/mechanical responsive behavior of the
chromic devices with a low strain sensitivity.

Figure 38. Optical microscopic images of the topography of the thermal/photo/mechanical
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responsive chromic device with a low strain sensitivity under (a) 0% strain and (b) 300%
strain (scale bar = 50 μm).

Figure 39. Crack width (obtained from the corresponding microscope images) of the
thermal/photo/mechanical responsive chromic device with (a) a high strain sensitivity and
(b) a low strain sensitivity as a function of strain. Error bars are defined as s.d.

To integrate the electrochromic characteristic into the stretchable interactive electronics
to achieve a more informative and intelligent system (such as indicating the bias direction),
we designed an interactive LED set equipped with electrochromic effect capable of
indicating the bias direction. As shown in Figure 40a, the LED lamp is parallelly connected
with a laterally structured electrochromic device made by polymer gel electrolyte atop two
side-by-side conductive polymer electrodes (poly(3,4-ethylenedioxythiophene)-poly
(styrene sulfonate) (PEDOT: PSS) is used as electrodes) above an indium tin oxide (ITO)
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current collector. It’s well known that PEDOT: PSS has a strong blue coloration process
upon electrochemical reduction. [34, 35] In this lateral cell, only the side of PEDOT
electrodes having negative potential (total bias≈2 V) will display blue color while the other
side with positive potential remains transparent. Thus, this bias direction-dependent
electrochromic response can be applied as a bias direction indicator for interactive
electronics. When the LED lamp is on with a correct bias direction, the “check mark” side
will exhibit blue electrochromic color (see Figure 40a). While the LED lamp is off but has
a wrong bias direction, the “cross mark” side will exhibit blue color, indicating the bias
successfully applied on the circuit but with a wrong direction. The electrochromic effect
induces an evident change of 36% of transmittance at the wavelength of 660 nm with an
excellent cyclability (see Figure 40b). Stretchable electronics often require a highly
stretchable conductor, which can also be fabricated by the same 3D integration strategy as
shown in Figure 40c. A conductive thread spun from stainless steel fiber is sandwiched by
two pre-stretched VHB™ tapes with 450% strain prior to releasing back to 0% strain. The
conductor with a length of ca. 5.5 cm maintains a virtually constant and low resistance of
30 Ω within 300% strain range (see Figure 40d).

107

Figure 40. Preparation and performance of the electrochromic and conductive thread
units for stretchable interactive electronics. (a) Schematic design of the LED set
connected with an electrochromic unit for stretchable interactive electronics and scheme of
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the circuit layout and the bias direction dependent electrochromic behavior of the resultant
device; (b) UV-Vis transmittance spectra of the electrochromic performance of PEDOT:
PSS in response to a 2 V bias voltage and the corresponding cyclability performance; (c)
schemes for preparing a highly stretchable conductor (scale bar = 1 mm) for stretchable
interactive electronics; (d) resistance changes of the stretchable conductor as a function of
strain; error bars are defined as s.d.

All of the aforementioned chromic units are assembled to make the multi-stimuli
responsive stretchable interactive electronics. The resultant device consists of two
stretchable parts on both sides (including two thermal/photo/mechanical responsive units
with different strain sensitivities and two stretchable conductors) tightly attached to a rigid
part in the middle (including an LED set with the electrochromic unit), as shown in Figure
41. The device demonstrates instantaneous and reversible multi-stimuli responsive
properties to mechanical strain, heat, electrical bias, and UV, as well as high stretchability
up to 300% strain. For example, when the device is stretched to 110% strain, the high strain
sensitivity unit (on the right side of the device) changes from a green color to a red color,
while the low strain sensitivity unit (on the left side of the device) remains a green color.
If the device is further stretched to 250% strain, the low strain sensitivity unit starts to
switch into red. The UV, thermal, electrochromic response are the same as the
aforementioned chromic units. Thus, such a versatile integrated chromic system offers a
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dynamic and reversible user-interface for smart electronics with an immediate feedback
and easily discernible color changes, as well as for sensing multiple environmental
conditions.

Figure 41. Multi-stimuli responsive behaviors of the stretchable interactive electronics.
Schematic design of the stretchable interactive electronics and its responsive performances
to strain, heat, UV, and correct electrical bias (the low strain sensitivity unit has a prestretch strain of 150% during the fabrication process, thus a slightly darker green color).

4.4 Conclusion
In summary, we invented a 3D integration method as a general design strategy to
rationally assemble various chromic materials into a dynamic interactive system. Two submethods including vertical layer stacking and planar assembly are developed to achieve
multi-stimuli responsive characteristics. The designs are optimized at the discretion of the
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physical characteristics of materials (powder or polymer film), structural assembling
requirement (stacking or assembling in one plane), and color change style of chromic
materials to minimize the cross-interference. One stimulating prototype device is proposed,
a highly stretchable interactive electronic exhibiting thermochromic and photochromic
characteristics, electrochromic response indicating bias direction, as well as two types of
mechanochromic effects with different strain sensitivities. This approach realizes the
combination of various stimuli responsive chromic processes with different color changing
styles via a structural design and integration. The strategy also has a high design flexibility
and wide applicability: (1) the color changing styles for various stimuli can be readily tuned
and customized by selecting different chromic materials; (2) the strain sensitivity of the
mechanochromic response can be tailored by applying pre-stretching on the substrate; (3)
all the materials used in this design are commercially available without the need of extra
synthesis process and thus enhance the applicability for large scale production. Thus, this
technique demonstrates a great potential of further scaling up for fabricating various
chromism based visual interactive devices or sensors for practical applications. It’s also
believed that this 3D integration structural design strategy can partially replace traditional
synthesis approach to realize other stimuli-responsive devices with widespread application.
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Chapter 5. Summary and outlook

5.1 Summary
Inspired by the vivid surface’s coloration, transparency and/or patterns displaying
tactics in marine life, a series of intriguing bilayer or multi-layer devices based on a rigid
thin film tightly bonded to a soft stretchable substrate was achieved in this dissertation.
These devices exhibit versatile multi-stimuli responsive characteristics which can
dynamically change the optical properties (such as transparency, fluorescent
intensity/coloration, reflective color) as exposed to specific stimulus (such as heat, UV,
moisture, electrical field and/or mechanical force).
To achieve the aforementioned functionalities, surface morphologies featuring with
micro-cracks and/or winkles as well as rational designed bilayer/multi-layer substrate were
adopted. In chapter 2, we developed deformation-controlled surface-engineering
approaches via strain-dependent cracks and folds to realize the following four
mechanochromic devices: (1) transparency change mechanochromism (TCM), (2)
luminescent mechanochromism (LM), (3) color alteration mechanochromism (CAM) and
(4) encryption mechanochromism (EM). These devices are based on a simple bilayer
system that demonstrates a broad range of mechanochromic behaviors with high sensitivity
and reversibility. The TCM device can reversibly switch between transparent and opaque
states. The LM can emit intensive fluorescence as stretched with high strain sensitivity.
The CAM can turn fluorescence from green to yellow to orange as stretched within 20%
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strain. The EM device can reversibly reveal and conceal any desirable patterns. In chapter
3, three types of moisture-responsive wrinkle dynamics are achieved, for the first time,
through a single film–substrate system. These dynamics include: 1) completely reversible
wrinkles formation; 2) irreversible wrinkles formation I: the initially formed wrinkles can
be permanently erased and never reappear; and 3) irreversible wrinkles formation II: once
the wrinkles form, they can no longer be erased. The key to success is to control the
stiffness and thickness ratios of the film and the substrate, and tailor the crosslink
degree/gradient of the film to allow for moisture-dependent changes of modulus and
swelling degree. These unique responsive dynamics motivate the invention of a series of
optical devices triggered by moisture, including anti-counterfeit tabs, encryption devices,
water indicators, light diffusors, and anti-glare films. In chapter 4, we propose a structural
design strategy to develop multi-stimuli responsive chromic units for stretchable
interactive electronics through a three-dimensional integration approach with high design
flexibility and wide applicability. That is, rationally packing and assembling various
chromic materials via vertical layer stacking and planar assembly. The resultant devices
evidently demonstrate instantaneous and reversible chromic responses to various stimuli
with different color changing styles. The resultant highly stretchable interactive electronics
are equipped with thermochromic/photochromic characteristics, electrochromic response
indicating bias direction, as well as two types of mechanochromic effect with different
levels of strain sensitivity.
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5.2 Outlook
We therefore demonstrate three types of function oriented designed strategies for achieving
a series of film-substrate based smart materials systems, they are, (1) strain-dependent
micro-cracks and folds, (2) moisture responsive wrinkling structure and (3) threedimensional integration approach. These well-designed systems show how multi-stimulicontrolled surface engineering as well as rational designed substrate configuration can
achieve excellent stimuli responsive optical performances. We believe that these design
strategies can inspire various designs of other highly sensitive and reversible stimuli
responsive smart materials with widespread applications, such as multi-stimuli responsive
optical sensor for wearable electronics, encryption devices, energy conservation devices
and so on.
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